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Abstract   
Water usage is expected to greatly increase when CO2 capture is added to thermal power plants. A major 
contribution is the reduction of flue gases temperatures from 100-150 ºC to 30-50 ºC. The majority of 
studies to date propose the use of direct contact cooling, combining a cold water loop with water 
cooling. This article expands on a previous study of the same authors [1] proposing dry air-cooled 
options with rotary regenerative gas/gas heat exchangers, relying on ambient air as the cooling fluid, to 
eliminate the use of process and cooling water prior to the carbon capture system. It proposes, for the 
first time, a new stand-alone model of a bi-sector air/gas rotary heat exchanger, which includes the 
contribution to heat transfer of condensation/evaporation when flue gases are cooled below the dew 
point. It shows that water condensation from the flue gases in one sector of the heat exchanger, enhances 
the total heat transfer rate, due to the diffusion of water through the non-condensable gases boundary 
layer. In order to maintain the cooling capacity of these rotary regenerative heat exchangers, initially 
designed to operate without condensation, this article shows that they should be designed with surface 
properties, gas velocities and heat transfer channel geometries with the aim of allowing water 
condensate to remain on the metal elements surface, and then evaporate into the air stream when the 
metal elements have rotated to the air side. The model also predicts the location of water condensation, 
so that enamelled elements can be incorporated to the cold-end tiers of metal elements and mitigate any 
possible long-term corrosion problems.   
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1. Introduction and background 
The environmental impact of energy systems decarbonisation on freshwater sources and marine 
environment is of growing concern [2]. In industrialised countries, water abstraction for electricity 
production currently can constitute up to around 40% of the total abstraction from fresh water sources 
[3,4]. Water demand associated to electricity generation is expected to rise further in places due to 
electrification with new build thermal power plants and, even more, if decarbonisation of electricity 
generation takes place with high contribution of carbon capture and storage (CCS) technologies in fossil 
fuel power plants [5]. The potential impact of a low carbon electricity system with different generation 
portfolios on regional water stress have been assessed in many studies, some have quantified the future 
freshwater demands for different energy pathways in Europe [3,6–8], in the United States [9–11], in 
China [12] or the whole word [13]. The extent of the increase in water stress strongly depend on 
penetration level of carbon capture, installed power plant capacity and cooling water technologies [8]. 
Post-combustion carbon capture (PCC) using amine-based solvent technologies is a possible option for 
commercial scale deployment of CCS in fossil fuel power plants, e.g. Boundary Dam CCS project in 
Canada, in operation since 2014, and Petra Nova CO2 capture project in the United States, which began 
operation in 2016. Chemical absorption with amine-based solvents currently require large cooling 
capacity for the exhaust flue gas entering the absorber, the water wash system, the absorber intercooler, 
the lean solvent cooler, the reflux reboiler duty and the CO2 compression inter-stage coolers. Most of 
the cooling capacity comes from water abstraction from natural environments. Thus, the availability of 
cooling water might constitute a limitation for the full scale deployment of PCC, particularly in regions 
with increasing restricted access to cooling water and limited availability of fresh or sea water 
abstraction licenses e.g. Middle East, Western China, Parts of the USA, industrial regions in Europe 
with extensive water abstraction regulated by local authorities. A reduction in cooling water demand is 
possible by using alternative dry cooling systems, yet there are few studies that have further develop 
the technical concept [5]. This article expands on a previous study of the same authors [1] proposing 
dry air-cooled options. 
A feasibility study of a series of technology options with rotary regenerative gas/gas heat exchangers 
conducted by Herraiz et al. [1] shows that it is possible to greatly mitigate the increase of water usage 
associated with the addition of carbon capture to fossil fuel power generation. Rotary regenerative heat 
exchangers indirectly transfer heat by convection as a high heating capacity medium rotates and is 
periodically exposed to hot gas and cold gas streams, flowing in a counter current arrangement [14]. 
The study is focused on the management of the water balance around the absorber of the capture process 
in combined cycle gas turbine (CCGT) plants for two power plants configurations: an air-based 
combustion CCGT plant and a CCGT plant with exhaust gas recirculation (EGR). EGR is the process 
of diverting a fraction of the combustion gases at the outlet of the heat recovery steam generation 
(HRSG) to the inlet of the compressor of the gas turbine (GT). It has been studied in literature as a 
strategy to increase the CO2 concentration and reduce the volume of gases treated in the capture plant, 
with the objective of minimising investment and operational costs [15–17].  
A hybrid cooling system and a dry cooling system are proposed [1] to replace the direct contact cooler 
(DCC) typically used in flue gas scrubbing technologies: 
 Hybrid cooling configurations with a gas/gas heat exchanger upstream of the DCC reduce cooling 
and process water demand by 67% and 35% respectively compared to a wet cooling system where 
the flue gas is primarily cooled in a larger DCC. Heat is transferred from the exhaust flue gas leaving 
the HRSG into the CO2-depleted gas leaving the capture plant. The CO2-depleted gas stream is 
reheated in the gas/gas heat exchanger above 70 ºC with enough buoyancy to rise through the stack.  
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 Dry cooling configurations rely on ambient air as the cooling medium and eliminate the use of 
process and cooling water prior to the absorber maintaining the temperature of the flue gas entering 
the absorber at approximately 45 ºC. Dry cooling configurations consist of a gas/gas heat exchanger 
and an air/gas heat exchanger in series. The baskets containing the heating elements are 1.2 m and 
1 m long and the casing diameters are approximately 15 m and 13 m, respectively. A more compact 
configuration is possible with a gas/gas/air heat exchanger with a trisector arrangement. The baskets 
containing the heating elements are 1.4 m long and the casing diameter is approximately 18 m. 
The implementation of hybrid cooling and dry cooling systems in an air-based combustion CCGT plant 
and in a CCGT plant with EGR is presented in Figure 1 and Figure 2, respectively. The flow direction 
and the typical temperatures in a bi-sector and a tri-sector rotary heat exchanger are shown in Figure 3. 
The exhaust flue gas leaving the HRSG is cooled down to an optimum temperature prior to entering the 
capture plant. For amine-based chemical absorption, the flue gas is typically cooled down to ca. 45 ºC, 
yet the temperature should be adapted to the specific solvent. The selection is generally a trade-off 
between reaction kinetics and thermodynamic equilibrium, i.e. a high temperature favours the kinetic 
reaction rate while a low temperature enhances the solvent capacity  [18]. Dry cooling systems with 
rotary heat exchangers should therefore be able to operate at a range of cold end temperatures in order 
to allow for the use of a wide range of solvents and avoid lock-in to a specific solvent technology, i.e. 
first-of-a-kind capture plants should be able to be upgraded with advanced future solvents. 
Rotary regenerative heat exchangers for heat recovery from hot flue gases typically operate at 
temperatures well above the dew-point. They have been widely used in coal fired power plants to 
preheat the primary and secondary combustion air streams using the flue gases exiting the boiler, and 
to recover heat from the inlet stream of flue gas desulphurization (FGD) systems to increase the 
temperature of the outlet stream and its buoyancy at the stack. Mathematical models developed in 
literature consider convection to be the only mechanism of heat transfer between the flue gas streams 
and the solid matrix [19–21].  
If a flue gas temperature below the dew point is required for the capture process, i.e. lower than 45 ºC 
in an air-based CCGT plant at ambient pressure, or 50 ºC in a CCGT plant with EGR at 35% 
recirculation ratio, water condensation would occur and additional cooling capacity would be necessary 
to remove the latent heat of condensation. This could be achieved either by increasing the heating 
surface area or by operating with large cooling air flow rates. Ambient air conditions could also result 
in water condensation if, for instance, the ambient temperature was lower than the design temperature 
of 15 ºC, since the flue gases temperature at the cold end would also decrease.  
Water vapour would condense on the surface of the metal elements in the flue gas section and the 
condensate would be transferred to the adjacent air section. A large fraction of water droplets could 
drop by gravity and some would evaporate in the air stream in an air/gas heat exchanger or in the CO2-
depleted gas stream in a tri-sector gas/gas/air heat exchanger, as illustrated in Figure 4. The amount of 
condensate which would remain on the surface of the metal elements would be the result of a force 
balance between the gravitational force, the shear forces exerted by the gases and the adhesive forces 
between the droplets and the condensation surface. These forces depend on the direction of the flow, 
the gas velocity and the wettability of the metal surface [22,23].  
Rotary systems are also often used in heating, ventilation and air conditioning (HVAC) technologies, 
where the rotor contains a desiccant porous media matrix. The combined processes of cooling and 
dehumidification, and of heating and humidification of air streams require models describing 
simultaneous heat and mass transfer [20,24]. The mass transfer mechanism in enthalpy recovery wheels 
is sorption/ desorption, rather than condensation/ evaporation investigated here. Both mechanisms are 
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described with the same differential equations, yet different thermodynamic relationships are 
implemented [25].  
This article expands on a previous study of the same authors [1] and it further investigates the use of 
rotary regenerative heat exchangers for the dry cooling of flue gases in CCGT plants equipped with 
PCC. A novel contribution of this work is a feasibility assessment of the operation of rotary regenerative 
heat exchangers for a wider range of cold-end temperatures, so that dry cooling systems can be 
integrated to any post-combustion capture technology. Particular attention is given to operation 
temperatures below the flue gas dew point resulting in water condensation on the heating elements, 
since these heat exchangers are conventionally designed for non-saturation conditions in coal-fired 
power plants. This is particularly important in a CCGT plant with EGR, since the water content in the 
flue gas and, hence, the saturation temperature increase at higher recirculation ratios. Modelling tools 
are developed here for the first time to assess the effect of water condensation and subsequent 
evaporation on the thermal performance of a bi-sector rotary heat exchanger. Options to enhance the 
flue gases cooling capacity of heat exchangers initially designed for non-saturation conditions are 
proposed.   
 
 
Figure 1.- Block flow diagram of rotary heat exchangers configuration for an air based combustion gas turbine 
combined cycle plant with post-combustion CO2 capture [1] 
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Figure 2.- Block flow diagram of rotary heat exchangers configuration for a gas turbine combined cycle plant 
with exhaust gas recirculation and post-combustion CO2 capture [1] 
 
 
 
Figure 3.- Flow direction and typical temperatures of flue gas, CO2 depleted gas and/or air in a bi-sector air/gas 
rotary heat exchanger (Configuration 3) and in a tri-sector gas/gas/air rotary heat exchanger (Configuration 4) 
(adapted from [1]). 
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Figure 4.- Qualitative diagram of mass and heat transfer in the cooling and heating sections of an air/gas rotary 
regenerative heat exchanger with bi-sector configuration (adapted from [1]). 
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2. Theoretical analysis 
Rotary regenerative heat exchangers indirectly transfer heat by convection as a heat storage medium 
continuously rotates and is periodically exposed to a hot and a cold gas stream with counter-current 
flow arrangement. The heat storage medium consists of a compact arrangement of pairs of specially 
formed metal plates packed into self-contained baskets installed into the rotor, providing very high 
surface area per unit volume [14].  
The flue gas stream is cooled down when brought into contact with the metal elements in the cooling 
section. The metal elements absorb the heat and release it when they rotate and enter into contact with 
the cold gases, i.e. a CO2-depleted gas and/or an ambient air stream, as illustrated in Figure 3. The 
temperature difference between the gas phase (𝑇𝐺) and the solid surface (𝑇𝑆) is the driving force for 
sensible heat transfer by forced convection, as illustrated in Figure 5a. 
In the cooling section, condensation of water vapour occurs on the solid surface if the temperature of 
the metal elements is below the flue gas dew point temperature. The solid surface is then gradually 
wetted by the condensate and either a liquid film or liquid droplets are formed. The form of 
condensation, i.e. film-wise condensation or drop-wise condensation, depends on the wettability of the 
surface, which is a function of the free surface energy of the solid material and the surface tension of 
the condensing fluid [22,23]. The condensate is surrounded by a non-condensable gas boundary layer 
and the condensation of water vapour continues at the interface driven by the diffusion of vapour 
through the non-condensable gas layer. A large fraction of water droplets could drop by gravity and 
some would remain on the solid surface and evaporate into the air stream in the heating section of the 
rotary heat exchanger. 
Flue gas condensation in natural gas fired boilers is considered as water vapour condensation in the 
presence of a large fraction of non-condensable gases, since the vapour concentration is in a range of 8 
to 20 vol% [26,27]. The temperature and the vapour partial pressure distribution are presented in Figure 
5b. There is a temperature drop through the non-condensable gas layer, from the bulk gas temperature 
(𝑇𝐺) to the temperature at the gas-liquid interface (𝑇𝑖), because the decrease of vapour concentration 
leads to lower partial pressure of vapour and then its saturation temperature is reduced. The water 
vapour pressure decreases from the partial pressure in the bulk gas (𝑝𝐻2𝑂𝑣) to the partial pressure at the 
interface (𝑝𝐻2𝑂 𝑖). According to previous studies, the condensate film is very thin and its thermal 
resistance is negligible. Thus, the solid surface temperature is equal to the temperature at the interface 
(𝑇𝑖 ≈ 𝑇𝑆). The water vapour pressure at the interface is equal to the saturation pressure at the solid 
temperature (𝑝𝐻2𝑂 𝑖 ≈ 𝑝𝐻2𝑂 𝑠𝑎𝑡).  
The temperature and the vapour pressure distribution for flue gas condensation are compared with that 
for convection heat transfer, illustrated in Figure 5a, and with that for condensation of pure vapour, 
illustrated in Figure 5c. In pure vapour condensation, it is important to note that the heat transfer is due 
to vapour condensation at the interface and the resistance to heat transfer comes from the condensed 
film. The bulk temperature (𝑇𝑣𝑎𝑝𝑜𝑟) and the liquid-vapour interface temperature (𝑇𝑖) are identical and 
equal to the saturation temperature of pure vapour (𝑇𝑠𝑎𝑡) [23].  
Theoretical studies and experimental tests have been conducted in literature with the aim of recovering 
the latent heat from an exhaust flue gas stream in CCGT plants, using geometries of vertical or 
horizontal banks of tubes [26]. The two most widely followed approaches for the analysis of mass and 
heat transfer are a boundary layer analysis and a heat and mass analogy from the Colburn and Hougen 
theory.  
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The boundary layer analysis consists of solving the governing equations of the condensate film and the 
vapour-non condensable gas mixture regions with appropriate boundary layer approximations. Such 
level of detail is necessary when the resistance to the heat transfer exists mainly in the condensate film, 
which is the case of pure vapour condensation and vapor condensation in a gas mixture with a high 
concentration of water vapour [26,28].  
The Colburn and Hougen method is most widely used when the non-condensable gases are dominant 
in volume, i.e. concentrations above 80 vol%. The condensation mass transfer is then controlled by the 
diffusion through the non-condensable gas layer, and the mass transfer rate is analogous to the heat 
transfer rate [26,27,29]. This method is considered in this work to develop the equations describing the 
heat and mass transfer rate, implemented in the stand-alone model of a bi-sector rotary heat exchanger 
described in Section 3.2. 
At any section in the heat exchanger, the heat transfer rate is the sum of the sensible heat due to forced 
convection, and the latent heat due to vapour condensation in the gas side or water evaporation in the 
air side. The heat transfer rate is given by Equation (1), where ℎ𝑜𝑣𝑒𝑟𝑎𝑙𝑙 is the overall heat transfer 
coefficient, so called convection-condensation heat transfer coefficient, and dA is the area of an 
infinitesimal element at the outer side of the boundary layer. The heat transferred due to convection is 
calculated from Equation (2), where ℎ𝑐𝑣 is the convective heat transfer coefficient, and the heat transfer 
due to condensation is evaluated from Equation (3), where ℎ𝑐𝑜𝑛𝑑 is the condensation heat transfer 
coefficient. The condensation heat transfer rate can also be written in terms of the latent heat of 
condensation (ℎ𝑓𝑔) and the mass flow rate of the condensate (𝑑?̇?𝑐𝑜𝑛𝑑). The overall heat transfer 
coefficient is therefore the sum of the convection heat transfer coefficient and the condensation heat 
transfer coefficient, as indicated in Equation (4), since the resistances to heat transfer are in parallel.  
𝑑?̇? = 𝑑?̇?𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 + 𝑑?̇?𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 = ℎ𝑜𝑣𝑒𝑟𝑎𝑙𝑙  ∙ (𝑇𝐺 − 𝑇𝑆) ∙ 𝑑𝐴 
(1) 
𝑑?̇?𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 =  ℎ𝑐𝑣  ∙ (𝑇𝐺 − 𝑇𝑆) ∙ 𝑑𝐴 (2) 
𝑑?̇?𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 = ℎ𝑐𝑜𝑛𝑑  ∙ (𝑇𝐺 − 𝑇𝑆) ∙ 𝑑𝐴 = ℎ𝑓𝑔  ∙ 𝑑?̇?𝑐𝑜𝑛𝑑 (3) 
ℎ𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =   ℎ𝑐𝑣 + ℎ𝑐𝑜𝑛𝑑 (4) 
The heat transfer is accompanied by mass transfer due to water condensation or evaporation. The mass 
flow rate of condensate can be expressed in terms of the mass transfer coefficient (ℎ𝑚), and the 
difference between the molar fraction of vapour in the bulk gas (𝑦𝐻2𝑂,𝑣) and at the interface (𝑦𝐻2𝑂,𝑖), 
as illustrated in Equation (5).  The driving force for mass transfer can also be written in terms of partial 
pressures, where 𝑝𝐻2𝑂,𝑣 is the water vapour pressures in the bulk gas and 𝑝𝐻2𝑂,𝑠𝑎𝑡 is the saturation 
pressure at the solid temperature. According to the Colburn-Hougen analogy, explained in Appendix E, 
the mass transfer coefficient can be obtained from Equation (6), where ℎ𝑐𝑣 is the convection heat 
transfer coefficient, 𝜌𝐺 is the density of the gas phase, 𝑆𝑐 is the Schmidt number and 𝑃𝑟 is the Prandtl 
number. 
𝑑?̇?𝑐𝑜𝑛𝑑 = ℎ𝑚 (𝑦𝐻2𝑂,𝑣 − 𝑦𝐻2𝑂,𝑖) ∙ 𝑑𝐴 = ℎ𝑚 ∙ 𝑀𝑊 (
𝑝𝐻2𝑂,𝑣
𝑅 ∙ 𝑇𝐺
−
𝑝𝐻2𝑂,𝑠𝑎𝑡
𝑅 ∙ 𝑇𝑆
) ∙ 𝑑𝐴 (5) 
ℎ𝑐𝑣
ℎ𝑚
= 𝜌𝐺 ∙ 𝐶𝑝 𝐺 ∙ (
𝑆𝑐
𝑃𝑟
)
2/3
 (6) 
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Theoretical models and experimental data are combined to develop correlations for the Nusselt and 
Sherwood numbers, which are used to evaluate the heat and mass transfer coefficients. The empirical 
correlations reported in the open literature for water condensation in the presence of non-condensable 
gases are obtained under certain experimental conditions and for a specific geometry. They are therefore 
only valid within a range of water vapour mass fractions and Reynolds numbers, and for external flow 
around vertical or horizontal tubes [27,29,30].  
Due to the lack of experimental work for condensation heat transfer in rotary heat exchangers, the 
theoretical analysis conducted by Liang et al. [29] is considered here as reference to obtain the 
correlation of the overall heat transfer coefficient implemented in the stand-alone model of a rotary heat 
exchanger. As explained in more detail in Appendix D, the analysis leads to a dimensionless parameter 
group known as the augmentation factor, which takes into account the effect of the condensation of a 
relatively small amount of water vapour on the convection heat transfer. The Nusselt number for 
convection heat transfer (𝑁𝑢𝑐𝑣), shown in Equation (7), is multiplied by the augmentation factor to 
obtain a normalized correlation of the Nusselt number for convention-condensation heat transfer 
coefficient, presented in Equation (9). The Nusselt number for condensation heat transfer is given in 
Equation (8). Experimental results show that the convection-condensation heat transfer coefficient 
increases with the Reynolds number and the bulk vapour mass fraction, and it is approximately 1 to 4 
times that of the forced convection heat transfer without condensation [27,29]. 
𝑁𝑢𝑐𝑣 = 𝐶 ∙ 𝑅𝑒
𝑚 ∙ 𝑃𝑟1/3 (7) 
𝑁𝑢𝑐𝑜𝑛𝑑 = 𝐶 ∙ 𝑅𝑒
𝑚 ∙ 𝑃𝑟1/3 ∙ (𝐿𝑒 −2/3 ∙ 𝐵 ∙ 𝐽𝑎−1) (8) 
𝑁𝑢𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝑁𝑢𝑐𝑜𝑛𝑑 + 𝑁𝑢𝑐𝑣 = 𝐶 ∙ 𝑅𝑒
𝑚 ∙ 𝑃𝑟1/3 ∙ (1 + 𝐿𝑒 −2/3 ∙ 𝐵 ∙ 𝐽𝑎−1) (9) 
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Figure 5.- Boundary layer temperature and pressure distributions for the cooling process of a gas stream (a), and for the process of cooling and water condensation in a gas 
stream with a large concentration of non-condensable gases (b), and a pure water vapour stream (c).
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3. Modelling methodology 
3.1 Operation conditions for condensation in flue gases from n plants 
The operation conditions leading to water condensation on the metal elements of the rotary heat 
exchanger are first identified, by conducting sensitivity analysis for two configurations of gas-fired 
power plants: an air-based combustion CCGT plant and a CCGT with exhaust gas recirculation. The 
description of the reference CCGT plant, as well as the composition, the flow rates and the 
temperature of the flue gases leaving the HRSG for a range of recirculation ratios are provided in 
Appendix A.  
 For an air-based combustion CCGT plant, the contribution of the latent heat transfer to the total 
heat transfer rate and the amount of condensed water in the exhaust flue gases are evaluated for a 
range of temperatures at the cold-end of the rotary heat exchanger from 30ºC up to 50ºC.  
 For a CCGT plant with EGR, the contribution of the latent heat transfer and the amount of 
condensed water are first evaluated for a range of recirculation ratios from 0 to 50%, considering 
that the flue gas is cooled down to 40ºC, and then for a range of temperatures at the cold-end of 
the rotary heat exchanger from 30 ºC up to 50ºC at 40% recirculation ratio.  
To conduct the sensitivity analysis, the overall energy and mass balances around the dry-cooling 
system are solved, assuming that the flue gases leave the heat exchanger saturated in moisture at the 
cold-end temperature. Is it also assumed that the condensed water remains on the surface of the metal 
elements and is completely evaporated into the air in the heating section of the bi-sector rotary heat 
exchanger.    
3.2 Process modelling of a of a bi-sector rotary heat exchanger  
To assess the operational feasibility of rotary heat exchangers for dry cooling of the flue gases at 
temperatures below the dew point, the effect of water vapour condensation, and subsequent 
evaporation, on the thermal performance of a rotary heat exchanger is further investigated through 
process modelling.  
A stand-alone model of a bi-sector air/gas rotary heat exchanger is built in gPROMS Model Builder, 
a process modelling software that allows to create customized models. The property method of Peng-
Robinson as equation of state for gas, and the Steam Tables (IAPWS-95) for water/steam are selected 
in Multiflash; the standard gPROMS physical properties package [31]. 
The mathematical model that accounts for convection-condensation heat transfer consists of a system 
of partial differential equations that describe the sensible heat transfer, due to forced convection, and 
latent heat transfer, due to vapour condensation or water evaporation. The sensible heat transfer is 
written as the enthalpy change of the gas stream. The latent heat transfer can be written in terms of 
condensation/evaporation flow rate. The amount of energy lost/gained by the fluid is equal to the 
amount of energy gained/lost by the metal elements. The energy balance is written as indicated in 
Equation (10) and Equation (11), where 𝑇𝑆 is the metal elements temperature, 𝑇𝐺 is the gas/air 
temperature, ?̇?𝐺 is the gas/air molar flow rate, ?̇?𝐻2𝑂,𝐺  is the molar flow rate of water vapour in the 
gas/air stream, 𝑚𝑆 is the total mass of the metal elements,  𝐶𝑝 𝐺 and 𝐶𝑝 𝑆 are the heat capacity of the 
gas  and the solid respectively, ℎ′𝑓𝑔 is the latent heat of condensation/evaporation and 𝐴𝑠 is the total 
surface heating area of the metal elements.  
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?̇?𝐺 ∙ 𝐶𝑝 𝐺 ∙ (
𝜕𝑇𝐺
𝜕𝑥
) +  ℎ′𝑓𝑔 (
𝜕?̇?𝐻2𝑂,𝐺
𝜕𝑥
) = ℎ𝑜𝑣𝑒𝑟𝑎𝑙𝑙  
𝐴𝑠
𝐿
(𝑇𝑆 − 𝑇𝐺) (10) 
𝑚𝑆 ∙ 𝐶𝑝 𝑆 ∙
1
𝐿
∙ (
𝜕𝑇𝑆
𝜕𝜏
) = ℎ𝑜𝑣𝑒𝑟𝑎𝑙𝑙  
𝐴𝑠
𝐿
(𝑇𝐺 − 𝑇𝑆) (11) 
 
The resistance through the condensed phase can be neglected due to the large volume of non-
condensable gases in the flue gas stream, and it occurs only in the non-condensable gas boundary 
layer. The overall heat transfer coefficient, ℎ𝑜𝑣𝑒𝑟𝑎𝑙𝑙, accounts therefore for the convection heat 
transfer coefficient , ℎ𝑐𝑣, and the condensation heat transfer coefficient, ℎ𝑐𝑜𝑛𝑑, as explained in 
Section 2. The correlation of the Nusselt number implemented in the gPROMS model to obtain the 
overall heat transfer coefficient is shown in Equation (9). The theoretical analysis conducted to obtain 
this correlation is presented in Appendix D. 
Heat transfer is accompanied by mass transfer of water vapour through the non-condensable gases 
boundary layer, described by Equation (12), where ?̇?𝐻2𝑂,𝐺 is the molar flow rate of water vapour in 
the gas/air stream, 𝑦𝐻2𝑂,𝐺 and 𝑦𝐻2𝑂,𝑖 are the molar fractions of water vapour in the bulk gas/air and 
at the interface respectively, and ℎ𝑚 is the mass transfer coefficient. The mass transfer coefficient is 
evaluated as a function of the convection heat transfer coefficient, ℎ𝑐𝑣, according to the heat and 
mass transfer analogy shown in Equation (6), obtained from the Colburn and Hougen theory as 
explained in Appendix E.  
(
𝜕?̇?𝐻2𝑂,𝐺
𝜕𝑥
) = ℎ𝑚  
𝐴𝑠
𝐿
(𝑦𝐻2𝑂,𝐺 − 𝑦𝐻2𝑂,𝑖) (12) 
The system of partial differential equations is solved by finite difference approximations and 
boundary conditions. The mathematical model as implemented in gPROMS for only convective heat 
transfer and for both convective and condensation heat transfer is described in Appendix B and 
Appendix C respectively, for a rotary heat exchanger with a bisector arrangement. The system 
domain is discretised into 𝑁𝐿𝑥𝑁𝜏 stages, as illustrated in Figure 6b, where 𝑁𝐿 is the number of stages 
in longitudinal direction and 𝑁𝜏 is the number of stages in angular direction. The temperature, the 
composition, the flow rate, and the thermal and physical properties of the flue gas and air streams 
are continuous variables along the axial direction (x) and the angular direction (), yet they are 
evaluated in each stage (s,j) in the discretised system. The following assumptions are considered for 
the development of the model: 
a) Steady state. After a number of cycles the temperature variation at all points along the rotary 
heat exchanger become independent of the initial temperature distribution. When this occurs, 
the heat exchanger achieves cyclic equilibrium and steady state conditions.  
b) Two dimensional axial symmetric flow. The properties of the gases and the solid vary along 
the axial and angular direction, yet they are assumed constant along the radial direction.  
c) Adiabatic system. The heat loss to or heat gain from the surroundings/environment through 
the walls of the rotary heat exchanger is negligible.  
d) Uniform and constant inlet conditions. The inlet velocity and the temperature of the gas 
streams are uniform over the flow cross section and constant with time.  
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e) Resistance to heat transfer through the condensate film is neglected, which can be assumed 
for gas-vapour mixtures with more than 80 vol% of non-condensable gases. 
f) The hot and cold gases flow in a counter-current arrangement. The contacting mode of the 
gas and the metal elements is cross-flow. 
g) At the interface between the gas and the condensate phase, the gas is saturated in water 
vapour. 
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Figure 6.- (a) Schematic representation and (b) Discretized domain of the rotary heat exchanger. 
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Process modelling is conducted for the air/gas rotary heat exchanger of a dry-cooling system 
consisting of two consecutive rotary heat exchangers in series (see Configuration 3 in Figure 1 and 
Figure 2), which replace the direct contact cooler of the convectional wet cooling system. The first 
gas/gas heat exchanger transfers sensible heat from the exhaust flue gas stream to the CO2-depleted 
gas stream to reach the temperature necessary for adequate buoyancy at the inlet of the stack. The 
flue gas temperature is then further reduced in an air/gas heat exchanger using ambient air as the 
cooling fluid. If the flue gas is cooled down below the saturation temperature in the air/gas heat 
exchanger, water vapour condensation and subsequent water evaporation may occur, and both 
sensible and latent heat will be transferred. The air/gas heat exchanger is modelled in this work to 
investigate the effect of water condensation/evaporation on the thermal performance. The design 
parameters required for the gPROMS model are presented in Table 1. 
 For an air-based combustion CCGT plant, the flue gases are first cooled down to the saturation 
temperature, i.e. approximately 45 ºC, so that only sensible heat is transferred from the flue gases to 
the air. The gPROMS model is validated for convective heat transfer in this configuration using 
Howden’s proprietary software, which is used for thermodynamic analysis and the sizing of rotary 
heat exchangers in commercial scale applications. For this purpose, the gas temperature profile, the 
metal temperature profile and the heat transfer rate predicted by the gPROMS model are compared 
to those obtained by Howden’s proprietary software.  
 For a CCGT plant with EGR at 35% recirculation ratio, an air/gas heat exchanger, with the 
design parameters shown in Table 1, is used to cool down the flue gases to 45 ºC, which is below the 
gas dew point and water condensation is expected on the metal elements. The inlet stream variables 
are shown in Table 2. 
An uncertainty of the model is the consideration of the fraction of condensed water that drains due 
to gravitational forces and the fraction that remains on the surface of the metal elements and 
evaporates into the air stream. The process modelling is conducted first assuming that all the 
condensed water remains on the surface of the metal elements and is evaporated into the air stream, 
and then assuming that all the condensed water drains and no water remains on the surface. The 
effect of both assumptions on the cooling capacity of the heat exchanger are compared. Results from 
the gPROMS model are presented in Section 4.2 in terms of the temperature, the condensed water 
flow rate and the heat transfer rate profiles.  
In rotary heat exchangers, direct and entrained leakages may occur from a high CO2 concentration 
stream to a stream with lower CO2 concentration due to the pressure difference at both sides of the 
sector plate and due to rotation. Previous work by Herraiz et al. [1] estimates that leakage levels of 
ca. 0.5%-1% can be reasonably expected, although it would be possible to engineer purge and 
scavenge systems to minimise leakage flow rates even further [20,32].  
The sensitivity analysis conducted shows that these conservative estimates of leakage rates could be 
tolerated and are likely to be deemed acceptable since they would only have a limited impact on the 
capture rate and on the operation of the post-combustion capture plant. The overall CO2 removal rate 
for a range of leakages level is illustrated in Figure 7. It shows that for values lower than 1%, there 
is a marginal reduction of the overall CO2 removal rate, approximately 0.45% for a leakage level of 
0.5% for an absorber designed for a 90% removal rate.  
It is also important to note that leakage levels lower than 3% do not have any significant impact on 
the thermal performance analysis of the rotary heat exchanger. In this work, the leakage flow rate 
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from the flue gas to the air stream is considered in the energy and mass balance to correct the 
temperature and composition of the gas streams leaving the heat exchanger.  
 
Table 1.- Design parameters of the air/gas rotary heat exchanger 
Configuration  -- Bi-sector 
Diameter (inside rotor housing) m 13 
Height (metal elements length)  mm 1000 
Front area m2 120 
Heating surface area (single sided) m2 22985  
Specific heat surface area m2/m3 191 
Sector splits -- Gas 22.50, Air 20.50 
Rotation speed  rpm 1 
 
 
Table 2.- Inlet stream variables for the air/gas rotary heat exchanger  
for a CCGT plant with EGR at 35% recirculation ratio  
Inlet streams:   Air Flue gases 
Pressure  kPa 101.3 111.3 
Temperature ºC 15 65 
Mass flow rate kg/s 350 638 
MW mol/g 28.84 28.36 
Composition  
 
 
CO2 %mol 0.03 6.55 
H2O %mol 1.01 10.92 
N2 %mol 77.30 74.26 
O2 %mol 20.74 7.38 
Ar %mol 0.93 0.89 
 
 
 
Figure 7.- Sensitivity of the overall CO2 removal ratio to leakage level from the untreated flue gas into the 
CO2-depleted gas [1]  
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4. Results and discussion  
4.1 Sensitivity analysis  
4.1.1. Air-based combustion Combined Cycle Gas Turbine plant 
Water condensation on the heating elements occurs when the flue gas from a natural gas fired 
combined cycle plant is cooled down below ca. 45 ºC. The flue gas contains ca. 8.8 vol% water 
vapour, which corresponds to a saturation temperature of 45.5 ºC at 1.113 bar.  
The amount of condensed water and the contribution of the latent heat to the total heat transfer rate 
increases for a lower flue gas temperature at the outlet of the air/gas heat exchanger. The contribution 
of the latent heat transfer (44%) is approximately the same as the contribution of the sensible heat 
transfer (56%) when the flue gas is cooled down to 35 ºC. Additional cooling capacity would 
therefore be necessary to remove the latent heat of condensation, which could be achieved either by 
increasing the heating surface area or by operating with large cooling air flow rates.  
A sensitivity analysis of the convective and condensation heat transfer rate and the amount of 
condensed water to the flue gas temperature at the cold end of the air/gas heat exchanger is shown in 
Figure 8, for an air-based combustion CCGT power plant.  
4.1.2. Combined Cycle Gas Turbine plant with exhaust gas recirculation  
In a CCGT plant with exhaust gas recirculation (EGR), the water vapour concentration in the exhaust 
flue gases increases for high recirculation ratios, since the absolute humidity of the recycled flue gas 
stream is higher than that of the ambient air used for combustion. A water vapour content of 11 vol% 
is possible for a 35% recirculation ratio. Yet the water content depends on the temperature of the 
recycled flue gas, since, below the saturation temperature, condensed water is removed before 
entering the compressor of the gas turbine. The flue gas saturation temperature varies between 45.5 
ºC, without EGR, and 51 ºC, at 40% recirculation ratio and 1.113 bar.  
A sensitivity analysis of the convective and condensation heat transfer rates and the amount of 
condensed water to the water concentration in the flue gas is shown in Figure 9. The range of water 
concentrations in Figure 9 corresponds to a range of recirculation ratios (EGR ratio) from 0 to 50%, 
when both the recycled and non-recycled flue gas streams are cooled down to 40 ºC. For a CCGT 
plant with EGR at 40% recirculation ratio, a sensitivity analysis of the heat transfer rates and the 
amount of condensed water to the flue gas temperature at the outlet of the air/gas heat exchanger is 
presented in Figure 10.  
If the flue gas of a CCGT with EGR needs to be cooled down below the saturation temperature prior 
entering the capture plant, the significant contribution of the latent heat to the overall heat transfer 
rate indicates that the effect of water condensation and subsequent evaporation have an important 
effect on the thermal performance and the design of an air/gas rotary heat exchanger. A large fraction 
of water droplets could drop by gravity and some could evaporate into the air stream in the heating 
section, as illustrated in Figure 4. The effect of the fraction of condensed water that drains off the 
system if therefore further investigated in Section 4.2. 
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Figure 8.- Sensitivity of the sensible and latent heat transfer rates and the relative amount of condensed water 
to the flue gas temperature at the outlet of the rotary heat exchanger in an air-based combustion CCGT plant. 
 
 
Figure 9.- Sensitivity of the sensible and latent heat transfer rates and the relative amount of condensed water 
to the water content in the flue gases of a CCGT plant with exhaust gas recirculation, for a recirculation ratio 
range from 0 to 50% (the flue gas is cooled down to 40 ºC). 
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Figure 10.- Sensitivity of the sensible and latent heat transfer rates and the relative amount of condensed 
water to the flue gas temperature at the outlet of the rotary heat exchanger in a CCGT plant with exhaust gas 
recirculation at 35% recirculation ratio. 
 
4.2 Thermal performance analysis of an air/gas rotary heat exchanger with condensation 
The effect of water condensation on the thermal performance is further investigated in this section 
for the air/gas rotary heat exchanger of a dry cooling configuration, consisting of two rotary heat 
exchangers in series (see Configuration 3 in Figure 2). The exhaust flue gas from a CCGT plant with 
EGR at 35% recirculation ratio is cooled down to ca. 43 ºC. It is below the dew-point temperature of 
ca. 49.7 ºC at 1.113 bar. Water is therefore expected to condense on the surface of the heating 
elements at some locations of the heat exchanger. A recirculation ratio of 35% is considered here 
since it results in an oxygen concentration of approximately 17 vol% in the gas turbine combustor, 
which is the limiting oxygen level experimentally determined for GE F-class gas turbine engines to 
ensure stable flames and complete combustion, with acceptable levels of NOx, CO and unburned 
hydrocarbons emissions [15].  
The flue gas stream leaving the HRSG is first cooled down from 98 ºC to 65 ºC in a gas/gas heat 
exchanger, where sensible heat is transferred to the CO2-depleted gas coming from the absorber, 
raising its temperature to ca. 80 ºC,  for adequate buoyancy at the stack. The flue gas is then further 
cooled down to ca. 43 ºC in an air/gas heat exchanger using ambient air as the cooling fluid. The air 
mass flow rate is 350 kg/s. The size optimisation and design of the rotary heat exchangers is 
conducted in a previous study of the same authors [1]. The gas/gas heat exchanger has a surface area 
of ca. 66000 m2, and the rotor containing the heating elements is 1.22 m long and 15 m diameter 
(inside rotor housing). The air/gas heat exchanger has a surface area of ca. 46000 m2, and the rotor 
is 1 m long and 13 m diameter (inside rotor housing).  
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Process modelling is conducted for the air/gas rotary heat exchanger, whose design parameters, as 
implemented in the gPROMS model, are presented in Table 1. To understand the uncertainty of the 
model in the evaluation of the fraction of condensate that remains on the metal elements, two 
approaches are considered   
 The convection-condensation heat transfer with water evaporation approach assumes that all the 
condensed water remains on the surface of the metal elements and is completely evaporated into 
the ambient air stream as the elements rotate.  
 The convection-condensation heat transfer with water drainage approach assumes that the 
condensed water completely drains off the system as it condenses.  
Results are presented and compared hereinafter in terms of the temperature profiles of the flue gas 
and air streams in axial and angular dimensions, and the water condensation and evaporation flow 
rate profiles, in order to show the location in the rotary heat exchanger where water condensation is 
likely to occur. The metal elements temperature distribution and values of the augmentation factor, 
defined as the ratio of the convective-condensation heat transfer coefficient to the convective heat 
transfer coefficient, are included in Appendix F. The augmentation factor provides insight of the 
lower heat transfer resistance through the non-condensable boundary with simultaneous sensible heat 
and latent heat transfer. The augmentation factor is therefore higher than one at the locations where 
condensation or evaporation occurs.  
 
Table 3.- Mean temperatures in the air/gas heat exchanger (gPROMS model)    
Heat transfer mechanisms  Convection - 
condensation 
Convection - 
condensation 
Drain water fraction % 0 100 
Gas inlet temperature  ºC 65 65 
Air inlet temperature  ºC 15 15 
Gas outlet temperature ºC 43.5 47.0 
Air outlet temperature ºC 50.5 51.7 
Air side effectiveness % 71 73 
Gas side effectiveness  % 43 36 
Metal temperature – Cooling section inlet ºC 46 49 
Metal temperature – Heating section inlet  ºC 48 50 
Metal temperature – Hot end ºC 56 57.7 
Metal temperature – Cold end ºC 36 43.6 
 
 
4.2.1 Convection-condensation heat transfer with water evaporation 
The flue gas is cooled down as it enters into contact with the metal elements. Heat is stored in the 
form of sensible heat and it is released as the elements rotate and enter into contact with ambient air. 
The temperature difference between the gas stream and the metal is the driving force for sensible 
heat transfer by convection. The flue gas temperature decreases from 65 ºC to 43.5 ºC and the air 
temperature increases from 15 ºC to 51.5 ºC, as presented in Table 3. Figure 11 shows the temperature 
profiles of the flue gas and air stream.  
At some locations of the rotary heat exchanger, the metal temperature is lower than the flue gas dew 
point and the water vapour in the flue gas condenses. Water vapour diffuses through the non-
21 
 
condensable gas boundary layer and condenses on the surface of the metal elements in the gas cooling 
section, remaining on the surface as they rotate. Water is completely evaporated into the ambient air 
stream in the heating section. Figure 12 shows the condensed water flow rate from the flue gas and 
the evaporated liquid water flow rate into the ambient air. 
The total heat transfer rate corresponds to sensible heat transfer and latent heat transfer in the 
locations at which water condensation/evaporation occurs. A larger amount of heat needs to be 
removed from the flue gases, yet the overall heat transfer coefficient increases by a factor, known as 
augmentation factor, compared to the convection heat transfer coefficient. The resistance to heat 
transfer through the boundary layer is, therefore, smaller. The augmentation factor at different 
locations in the rotary heat exchanger is shown in Figure F.4.  
  
4.2.2 Convection-condensation heat transfer with water drainage 
The condensed water would drain off the heat exchanger as it condenses in the cooling section for 
certain operation conditions, e.g. high flue gas velocities, downward flow direction, and for certain 
surface properties of the metal and coating used for the heating elements manufacturing, e.g. low 
wettability of the surface. There would be no water remaining on the elements surface to be 
evaporated into the ambient air in the heating section, which results in a lower cooling capacity of 
the metal elements. The temperature profiles of the flue gas and the air streams are shown in Figure 
13, and the condensed and evaporated water flow rates at different locations in the heat exchanger 
are presented in Figure 14. 
The flue gas and air mean outlet temperatures for 100% and 0% water drainage are presented in 
Table 3. When condensed water drains off the heat exchanger, the metal elements enter the flue gas 
cooling section at a higher temperature, i.e. 49 ºC compared to 46 ºC for 0% drainage factor and full 
evaporation of condensed water into the ambient air. The lower cooling capacity results in a higher 
flue gas outlet temperature, i.e. 47 ºC compared to 43.5 ºC. This is due to the fact that, in the air 
heating section, the total heat transfer rate from the metal elements to the ambient air is smaller, since 
the only component is sensible heat and there is no additional heat removed due to water evaporation. 
Moreover, the resistance to heat transfer through the non-condensable boundary layer is higher, since 
the overall heat transfer coefficient corresponds to the convective heat transfer coefficient and the 
augmentation factor has therefore a value of one, as presented in Figure F.8.  
In order to enhance the cooling capacity of a new-build rotary heat exchanger with water 
condensation, or to maintain the cooling capacity of an existing rotary heat exchanger initially 
designed to operate above the flue gas dew temperature, operating conditions and materials should 
be selected so that the condensed water remains on the surface of the heat elements as they rotate. 
Upward flow and low flue gas velocity is preferable to avoid liquid droplets carry-over. Moreover, 
an appropriate material selection and surface coating should aim at high wettability of the surface. 
Enamelled heating elements would be applied on the cold-end tiers of metal elements to mitigate any 
possible long-term corrosion problems, in a similar manner to flue gas desulfurization rotary heat 
exchanger applications.  
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x/L GAS INLET AIR OUTLET 
0.00 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 51.6 50.7 50.6 50.5 50.4 50.4 50.4 50.3 50.3 50.2 50.2 
0.07 63.5 63.5 63.5 63.6 63.6 63.6 63.6 63.6 63.6 63.6 63.6 63.7 50.3 49.3 49.2 49.1 48.9 49.0 48.9 48.8 48.8 48.7 48.7 
0.13 62.1 62.1 62.1 62.1 62.2 62.2 62.2 62.2 62.3 62.3 62.3 62.3 49.1 47.8 47.7 47.6 47.3 47.4 47.3 47.3 47.2 47.1 47.1 
0.20 60.6 60.7 60.7 60.8 60.8 60.8 60.9 60.9 60.9 61.0 61.0 61.0 47.8 46.3 46.1 46.0 45.7 45.8 45.7 45.6 45.5 45.4 45.4 
0.27 59.3 59.3 59.4 59.4 59.5 59.5 59.5 59.6 59.6 59.7 59.7 59.7 46.5 44.7 44.5 44.3 44.0 44.1 44.0 43.9 43.8 43.7 43.6 
0.33 57.8 57.9 57.9 58.0 58.0 58.1 58.1 58.2 58.2 58.3 58.3 58.3 45.4 43.1 42.9 42.6 42.2 42.4 42.2 42.2 42.0 41.9 41.8 
0.40 56.4 56.5 56.5 56.6 56.6 56.7 56.7 56.8 56.9 56.9 56.9 57.0 44.2 41.4 41.2 40.9 40.4 40.5 40.4 40.3 40.1 40.0 39.9 
0.47 55.0 55.1 55.1 55.2 55.3 55.3 55.4 55.4 55.5 55.6 55.6 55.6 43.1 39.7 39.3 39.0 38.4 38.6 38.4 38.3 38.0 37.9 37.8 
0.53 53.7 53.7 53.8 53.9 53.9 54.0 54.0 54.1 54.2 54.2 54.3 54.3 41.9 37.8 37.4 36.9 36.3 36.5 36.2 36.1 35.8 35.6 35.5 
0.60 52.2 52.2 52.3 52.5 52.6 52.6 52.7 52.8 52.8 52.9 52.9 53.0 36.3 35.8 35.3 34.8 34.0 34.2 33.9 33.8 33.4 33.2 33.0 
0.67 50.6 50.7 50.8 51.0 51.1 51.2 51.3 51.4 51.4 51.5 51.6 51.6 33.9 33.4 33.0 32.5 31.5 31.8 31.5 31.4 30.8 30.6 30.4 
0.73 49.1 49.2 49.4 49.6 49.8 49.8 49.9 50.1 50.2 50.3 50.3 50.4 31.1 30.7 30.2 29.8 29.4 29.2 28.8 28.7 28.1 27.8 27.6 
0.80 47.5 47.7 47.9 48.2 48.3 48.4 48.6 48.7 48.9 49.0 49.1 49.2 27.9 27.5 27.1 26.7 26.4 26.2 25.9 25.5 25.2 25.0 24.6 
0.87 45.6 45.9 46.2 46.5 46.8 46.9 47.1 47.3 47.5 47.7 47.8 47.9 24.2 23.8 23.5 23.2 23.0 22.8 22.6 22.3 22.1 21.9 21.7 
0.93 43.7 44.1 44.4 44.8 45.1 45.3 45.6 45.9 46.1 46.4 46.5 46.6 19.9 19.7 19.5 19.3 19.2 19.1 19.0 18.8 18.7 18.5 18.4 
1.00 41.6 42.1 42.5 43.0 43.4 43.5 43.9 44.3 44.6 44.9 45.0 45.2 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 
 GAS OUTLET  AIR INLET 
Figure 11.- Flue gas and air temperature profiles for convection-condensation heat transfer with water evaporation into ambient air (ºC) 
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x/L GAS INLET AIR OUTLET 
0.07 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.40 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.53 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.60 0.4 0.4 0.2 0.1 0 0 0 0 0 0 0 0 -0.7 0 0 0 0 0 0 0 0 0 0 0 
0.67 2.9 2.7 2.4 2.1 1.8 1.5 1.2 1.0 0.8 0.6 0.5 0.4 -4.9 -4.9 -4.8 -3.1 0 0 0 0 0 0 0 0 
0.73 3.7 3.5 3.2 2.9 2.6 2.3 2.0 1.8 1.5 1.3 1.2 1.1 -5.7 -5.6 -5.5 -5.4 -5.3 -5.8 0 0 0 0 0 0 
0.80 5.3 5.1 4.7 4.4 4.0 3.7 3.4 3.1 2.8 2.5 2.4 2.3 -6.3 -6.2 -6.1 -5.9 -5.7 -5.6 -5.5 -5.3 0 0 0 0 
0.87 7.1 6.9 6.6 6.2 5.8 5.4 5.1 4.7 4.4 4.0 3.9 3.7 -6.9 -6.8 -6.5 -6.3 -6.1 -6.0 -5.8 -5.6 -5.4 -5.3 -6.1 0 
0.93 7.5 7.4 7.1 6.9 6.6 6.2 5.9 5.6 5.3 5.0 4.8 4.7 -7.8 -7.6 -7.3 -7.0 -6.7 -6.5 -6.3 -6.0 -5.8 -5.6 -5.4 -5.3 
1.00 8.2 8.1 7.9 7.7 7.5 7.3 7.0 6.7 6.4 6.2 6.0 5.9 -8.8 -8.6 -8.2 -7.7 -7.4 -7.2 -6.9 -6.5 -6.3 -6.0 -5.7 -5.6 
 GAS OUTLET AIR INLET 
Figure 12.- Condensed/Evaporated (-ve) water flow rate (mol/s) for convection-condensation heat transfer with water evaporation into ambient air 
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x/L GAS INLET AIR OUTLET 
0.00 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 52.0 51.9 51.9 51.8 51.8 51.7 51.7 51.6 51.6 51.5 51.5 
0.07 63.6 63.7 63.7 63.7 63.7 63.7 63.7 63.7 63.8 63.8 63.8 63.8 50.6 50.5 50.5 50.4 50.3 50.3 50.3 50.2 50.1 50.1 50.0 
0.13 62.3 62.3 62.3 62.4 62.4 62.4 62.4 62.5 62.5 62.5 62.5 62.5 49.1 49.1 49.0 48.9 48.9 48.9 48.8 48.7 48.7 48.6 48.6 
0.20 60.9 61.0 61.0 61.1 61.1 61.1 61.2 61.2 61.2 61.3 61.3 61.3 47.6 47.6 47.5 47.4 47.4 47.4 47.3 47.2 47.2 47.1 47.1 
0.27 59.6 59.7 59.7 59.8 59.8 59.8 59.9 59.9 60.0 60.0 60.0 60.0 46.1 46.0 45.9 45.9 45.8 45.8 45.7 45.7 45.6 45.5 45.5 
0.33 58.2 58.3 58.3 58.4 58.4 58.5 58.5 58.6 58.6 58.7 58.7 58.7 44.5 44.4 44.4 44.3 44.3 44.2 44.2 44.1 44.0 44.0 43.9 
0.40 56.9 56.9 57.0 57.0 57.1 57.1 57.2 57.2 57.3 57.4 57.4 57.4 42.9 42.8 42.8 42.7 42.6 42.6 42.5 42.5 42.4 42.3 42.3 
0.47 55.5 55.6 55.6 55.7 55.7 55.8 55.8 55.9 56.0 56.0 56.1 56.1 41.2 41.2 41.1 41.0 40.9 40.9 40.8 40.8 40.7 40.6 40.5 
0.53 54.1 54.2 54.2 54.3 54.4 54.4 54.5 54.6 54.6 54.7 54.7 54.8 39.5 39.4 39.3 39.2 39.2 39.1 39.1 39.0 38.9 38.8 38.8 
0.60 52.7 52.8 52.9 52.9 53.0 53.1 53.1 53.2 53.3 53.3 53.4 53.4 37.6 37.5 37.5 37.4 37.3 37.3 37.2 37.1 37.0 37.0 36.9 
0.67 51.3 51.4 51.5 51.6 51.7 51.7 51.9 52.0 52.0 52.1 52.2 52.2 35.5 35.4 35.3 35.2 35.1 35.1 35.0 34.9 34.9 34.8 34.7 
0.73 50.1 50.2 50.3 50.4 50.5 50.5 50.7 50.8 50.9 51.0 51.1 51.1 32.8 32.8 32.7 32.6 32.5 32.5 32.4 32.3 32.2 32.2 32.1 
0.80 49.0 49.1 49.3 49.4 49.5 49.5 49.7 49.8 49.9 49.9 50.1 50.1 29.7 29.6 29.5 29.4 29.4 29.3 29.2 29.2 29.1 29.0 29.0 
0.87 48.0 48.2 48.3 48.4 48.5 48.6 48.8 48.9 49.0 49.1 49.2 49.2 25.8 25.7 25.6 25.6 25.5 25.5 25.4 25.4 25.3 25.2 25.2 
0.93 47.2 47.3 47.5 47.6 47.7 47.8 48.0 48.1 48.2 48.3 48.4 48.4 20.9 20.9 20.9 20.8 20.8 20.8 20.7 20.7 20.7 20.6 20.6 
1.00 46.3 46.4 46.6 46.8 46.9 47.0 47.2 47.3 47.4 47.6 47.6 47.7 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 
 GAS OUTLET  AIR INLET 
Figure 13.- Flue gas and air temperature profiles (ºC) for convection-condensation heat transfer with 100% condensed water drainage. 
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x/L GAS INLET AIR OUTLET 
0.07 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.40 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.53 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.60 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.67 0.7 0.7 0.5 0.3 0.2 0.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.73 1.2 1.2 1.0 0.8 0.7 0.5 0.4 0.3 0.1 0.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.80 2.0 1.9 1.7 1.5 1.3 1.2 1.0 0.8 0.7 0.6 0.5 0.4 0 0 0 0 0 0 0 0 0 0 0 0 
0.87 2.2 2.1 1.9 1.8 1.6 1.5 1.3 1.2 1.1 0.9 0.9 0.8 0 0 0 0 0 0 0 0 0 0 0 0 
0.93 2.3 2.3 2.1 2.0 1.9 1.8 1.6 1.5 1.4 1.2 1.2 1.1 0 0 0 0 0 0 0 0 0 0 0 0 
1.00 3.0 2.9 2.8 2.6 2.5 2.3 2.2 2.0 1.9 1.7 1.7 1.6 0 0 0 0 0 0 0 0 0 0 0 0 
 GAS OUTLET AIR INLET 
Figure 14.- Condensed water flow rate (mol/s) for convection-condensation heat transfer with 100% condensed water drainage. 
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5. Conclusions  
Decarbonisation of electricity generation with thermal power plants equipped with post-combustion 
carbon capture in water constrained environments is only possible if dry cooling systems are in place. 
Dry cooling configurations, which consist of rotary heat exchangers using ambient air as the cooling 
fluid, can eliminate the water usage for cooling the flue gas upstream of the capture plant. This 
constitutes up to 30% of the total cooling water used in the steam cycle condenser of a ca. 800 MWe 
natural gas combined cycle power plant.  
Post-combustion carbon capture systems based on chemical absorption require that the flue gas 
temperature is adjusted to a specific solvent. A flue gas temperature as low as 35 ºC is possible at the 
outlet of an air/gas rotary heat exchanger by selecting appropriate heat transfer area and cooling air 
flow rate. Dry cooling systems can therefore be used with a wide range of solvents avoiding lock-in 
to a specific solvent technology. This work is particularly focused on low temperature applications 
below the flue gases dew point, since rotary heat exchangers are conventionally designed for non-
saturation conditions in coal-fired power plants.  
A sensitivity analysis shows that the contribution of the latent heat (44%) to the total heat transfer 
rate is approximately the same as the contribution of the sensible heat (56%) when the flue gas from 
an air-based combustion combined cycle gas turbine (CCGT) plants is cooled down to 35 ºC. It 
becomes more significant in a CCGT plant with exhaust gas recirculation at higher recirculation 
ratios, e.g. the latent heat contribution is 55% for 35% recirculation ratio. Thus, water condensation 
from the flue gas and subsequent evaporation into the ambient air stream enhances the overall heat 
transfer rate, yet process modelling shows that the convection-condensation heat transfer coefficient 
is up to six times higher than those for convection only. Moreover, the heat transfer is controlled by 
the water diffusion through the non-condensable gas boundary layer, and the resistance to heat 
transfer through the condensed phase can be neglected for the typical range of water concentration 
in the flue gas of a CCGT plant of 8 to 12 vol%. The form of condensation, i.e. film wise or drop 
wise condensation, does not have a significant effect for the modelling of the heat transfer.  
In order to maintain the cooling capacity of an air/gas rotary heat exchanger, initially designed for 
no-condensation conditions, for operation below saturation temperatures, the condensate should 
remain on the surface of the metal elements and completely evaporate into the ambient air stream. 
For a CCGT plant with 35% exhaust gas recirculation ratio, it is possible to cool down the flue gases 
to ca. 43 ºC if the condensed water is completely evaporated into the air. Yet, if the condensed water 
completely drains off the rotary heat exchanger, the flue gas outlet temperature is ca. 47 ºC, 
considering an air/gas rotary heat exchanger size of 1 m length and 13 m diameter (inside the casing), 
and a cooling air flow rate of 350 kg/s in both cases.  
For low temperature applications of rotary heat exchangers, it is necessary to select adequate 
operation conditions that prevent the carry-over of water droplets as condensation occurs, e.g. low 
flue gas velocity and upwards direction, and select adequate materials with high wettability, i.e. high 
free surface energy, and an adequate geometry of the specially formed metal elements. The model 
also predicts where water condensation occurs, so that enamelled heating elements are applied on 
the cold-end tiers to mitigate any possible long-term corrosion problems. 
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Nomenclature 
 
𝐴  Heat transfer area (m2) 
𝐶𝑝  Specific heat at constant pressure (J kg-1 K-1) 
𝐶𝑝 𝐺  Specific heat of the gas at constant pressure (J kg
-1 K-1) 
𝐶𝑝 𝑆  Specific heat of the solid at constant pressure (J kg
-1 K-1) 
𝐷ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 Hydraulic diameter (m) 
𝐷𝑎𝑏  Binary mass diffusivity (m
2 s-1) 
𝑓  Friction factor  
?̇?  Gas molar flow rate per time section (mol/s) 
ℎ𝑐𝑣  Convective heat transfer coefficient (W m
-2 K-1) 
ℎ𝑐𝑑  Conduction heat transfer coefficient (W m
-2 K-1) 
ℎ𝑚  Convective mass transfer coefficient (kg m
-2s-1), ℎ𝑚 = ℎ𝑚
′ ∙ 𝜌𝑔𝑎𝑠 
ℎ𝑚′  Convective mass transfer coefficient (m s
-1) 
ℎ𝑜𝑣𝑒𝑟𝑎𝑙𝑙 Overall heat transfer coefficient (W m
-2 K-1) 
𝐻𝑓𝑔   Specific latent heat of condensation (kJ kg
-1) 
𝑗𝐷   Colburn j factor for mass transfer 
𝑗𝐻   Colburn j factor for heat transfer 
𝑘𝐿   Heat conductivity of the liquid film (W m
-1 K-1) 
𝐿  Length of the wheel in axial direction (m) 
𝐿𝑒  Lewis number 
?̇?  Mass flow rate (kg s-1) 
?̇?𝐺  Gas mass flow rate (kg/s) 
𝑚𝑆  Mass of the solid elements (kg) 
𝑚𝑓  Mass fraction  
𝑀𝑊  Molecular Weight (g mol-1) 
?̇?  Molar flow rate (kg s-1) 
𝑛𝐺  Gas molar flow rate (kg/s) 
𝑁𝑢  Nusselt number 
𝑁𝐿  Number of sections in longitudinal direction/ tier steps (--) 
𝑁𝜏  Number of time sectors or sectors in the angular direction (--) 
𝑃  Pressure (bar)  
𝑃𝑟  Prandtl number  
𝑅𝑒  Reynolds number  
?̇?  Solid supply rate per tier (kg/s) 
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𝑆ℎ  Sherwood number   
𝑆𝑐  Schmidt number 
𝑆𝑡  Stanton number  
𝑇  Temperature (K, ºC) 
𝑇𝐺  Temperature of the gas (K) 
𝑇𝑆  Temperature of the solid (K) 
?̇?  Heat flow rate or heat transferred (W) 
𝑞  Heat flux (J s-1 m-2) 
𝑢   Gas velocity (m s-1) 
𝑦  Molar fraction  
 
Greek symbols 
𝜇  Viscosity (Pa s) 
𝜌  Density (kg m-3) 
𝛾𝐿−𝐺   Surface tension liquid-gas/vapour phase (J/m
2) 
𝛾𝑆−𝐺   Surface energy or interfacial energy between solid and gas/vapour phase (J/m
2) 
𝛾𝑆−𝐿  Surface energy or interfacial energy between solid and liquid phase (J/m
2) 
𝛿𝐿  Condensed film thickness (m) 
𝜔  Angular speed (rpm) 
 
Subscripts 
b  Bulk 
cd  Condensation 
cv  Convection 
cf  Condensate film 
eff  Effective 
G  Gas 
i  Interface 
in  Inlet 
j  stage in longitudinal/axial direction 
out  Outlet 
S  Solid 
s  stage in angular direction 
sat  Saturation 
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Appendix A. Reference natural gas combined cycle power plant  
The reference plant is an 800 MWe air-fired NGCC (natural gas combined cycle) plant with a 2-on-
1 configuration: two GE9371FB gas turbines with the flue gas exiting into two HRSGs, which jointly 
supply steam to a subcritical triple pressure steam cycle. The gas turbine operates at a TIT (turbine 
inlet temperature) of 1371 ºC and AFR (air fuel ratio) of 40.5 on mass basis, at ISO atmospheric 
conditions and 100% load, with a power output at coupling of 285 MWe. In a combined cycle, the 
remaining heat contained in the exhaust flue gas is partially recovered to generate steam at three 
pressure levels. Two post-combustion capture units with primary amine base solvent technology are 
implemented at the tail-end, one per each gas turbine – HRSG train. In each train, flue gas is cooled 
down before entering the absorber. The gas composition at the outlet is then calculated assuming a 
removal ratio of CO2 of 90% and that gas leaves the water wash section saturated at a temperature of 
45 ºC. Stream variables are shown in Table A.1. 
Table A.1 Exhaust flue gas stream information at the HRSG at different recirculation ratios (per GT-HRSG-absorber 
train) 
EGR ratio    0 10 20 30 35 40 
Pressure  (HRSG outlet) Pa 101300 101300 101300 101300 101300 101300 
Pressure  (HRSG outlet) bar 1.013 1.013 1.013 1.013 1.013 1.013 
Temperature K 390 389 389 388 388 388 
Temperature ºC 116.8 116.3 115.7 115.1 114.8 114.5 
Dew temperature (1.013 bar) K 316.8 318.1 319.3 320.4 321.0 321.5 
Dew temperature (1.013 bar) ºC 43.69 44.96 46.15 47.29 47.84 48.39 
Molar flow rate mol/s 23178 22977 22783 22596 22505 22416 
Mass flow rate kg/s 658 652 646 641 638 636 
Molar Mass g/mol 28.37 28.35 28.34 28.35 28.36 28.38 
Composition        
CO2 %mol 4.21 4.69 5.29 6.07 6.55 7.12 
H2O %mol 8.82 9.42 10.02 10.62 10.92 11.22 
N2 %mol 74.21 74.09 74.05 74.14 74.26 74.43 
O2 %mol 11.87 10.92 9.75 8.28 7.38 6.33 
Ar %mol 0.89 0.89 0.89 0.89 0.89 0.89 
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Appendix B. Mathematical model for convective heat transfer in a rotary gas/gas heat 
exchanger 
The mathematical model for convection heat transfer in the rotary wheel consists of a system of 
partial differential equations describing the process of heat transfer by convection in the system. The 
amount of energy lost/gained by the fluid is equal to the amount of energy transferred across the non-
condensable gas boundary layer, which is equal to the amount of energy gained/lost by the metal 
elements, as indicated in Equation (13) and Equation (14), where 𝑇𝑆 is the metal elements 
temperature, 𝑇𝐺 is the gas/air temperature, ?̇?𝐺 is the gas/air molar/mass flow rate, 𝑚𝑆 is the total mass 
of metal elements, 𝐶𝑝 𝐺 and 𝐶𝑝 𝑆 are the gas and solid heat capacity respectively, 𝐴𝑠 is the total surface 
heating area of the metal elements and ℎ𝑐𝑣 is the convective heat transfer coefficient.   
B.1 Energy balance  
A numerical solution discretises the system into 𝑁𝐿𝑥𝑁𝜏 stages, as illustrated in Figure 6b. The partial 
differential equations can be written as indicated in Equations from (15) to (18). The incremental 
step in the axial direction ∆𝑥 and in the rotational direction ∆𝜏 are defined in Equation (19) and 
Equation (20) respectively, where 𝐿 is the length of the wheel, 𝜔 is the rotor angular speed,  𝑁𝐿 and 
𝑁𝜏 are the number of stages in the longitudinal/axial direction and in the angular direction 
respectively. The gas/air flow rate (?̇?) and the amount of solid moving (?̇?) in each stage are defined 
by Equation (21) and Equation (22) respectively.   
?̇?𝐺 ∙ 𝐶𝑝 𝐺 ∙ (
𝜕𝑇𝐺
𝜕𝑥
) = ℎ𝑐𝑣
𝐴𝑠
𝐿
(𝑇𝑆 − 𝑇𝐺) (13) 
𝑚𝑆 ∙ 𝐶𝑝 𝑆 ∙
1
𝐿
∙ (
𝜕𝑇𝑆
𝜕𝜏
) = ℎ𝑐𝑣
𝐴𝑠
𝐿
(𝑇𝐺 − 𝑇𝑆)  (14) 
?̇?(𝑗−1,𝑠) ∙ 𝐶𝑝 𝐺(𝑗−1,𝑠) ∙ 𝑇𝐺(𝑗−1,𝑠) − ?̇?(𝑗,𝑠) ∙ 𝐶𝑝 𝐺(𝑗,𝑠) ∙ 𝑇𝐺(𝑗,𝑠)
𝐿 𝑁𝐿⁄
∙ 𝑁𝜏
= ℎ𝑐𝑣(𝑗,𝑠)
𝐴𝑠
𝐿
(𝑇𝐺(𝑗,𝑠) − 𝑇𝑆(𝑗,𝑠)) 
(15) 
?̇?(𝑗,𝑠−1) ∙ 𝐶𝑝 𝑆 ∙ 𝑇𝑆(𝑗,𝑠−1) − ?̇?(𝑗,𝑠) ∙ 𝐶𝑝 𝑆 ∙ 𝑇𝑆(𝑗,𝑠)
(60/𝜔 ∙ 1/2) 𝑁𝜏⁄
∙ 60/𝜔 ∙ 1/2 ∙ 𝑁𝐿
= ℎ𝑐𝑣(𝑗,𝑠)
𝐴𝑠
𝐿
(𝑇𝑆(𝑗,𝑠) − 𝑇𝐺(𝑗,𝑠)) 
(16) 
?̇?(𝑗−1,𝑠) ∙ 𝐶𝑝 𝐺(𝑗−1,𝑠) ∙ 𝑇𝐺(𝑗−1,𝑠) − ?̇?(𝑗,𝑠) ∙ 𝐶𝑝 𝐺(𝑗,𝑠) ∙ 𝑇𝐺(𝑗,𝑠)
= ℎ𝑐𝑣(𝑗,𝑠)
𝐴𝑠
𝑁𝜏 ∙ 𝑁𝐿
(𝑇𝐺(𝑗,𝑠) − 𝑇𝑆(𝑗,𝑠)) 
(17) 
?̇?(𝑗,𝑠−1) ∙ 𝐶𝑝 𝑆 ∙ 𝑇𝑆(𝑗,𝑠−1) − ?̇?(𝑗,𝑠) ∙ 𝐶𝑝 𝑆 ∙ 𝑇𝑆(𝑗,𝑠) = ℎ𝑐𝑣(𝑗,𝑠)
𝐴𝑠
𝑁𝜏 ∙ 𝑁𝐿
(𝑇𝑆(𝑗,𝑠) − 𝑇𝐺(𝑗,𝑠)) (18) 
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∆𝑥 =  
𝐿
𝑁𝐿
 (19) 
∆𝜏 =  
60/𝜔 ∙ 1/2
𝑁𝜏
 (20) 
?̇? =
?̇?𝐺
𝑁𝜏 
 (21) 
?̇? =
𝑚𝑆
60/𝜔 ∙ 1/2 ∙ 𝑁𝐿
 (22) 
for     𝑗 = 1 … 𝑁𝐿(no. of longitudinal sections), 𝑠 = 1 … 𝑁𝜏(no. of time sections)  
The Chilton-Colburn J-factor analogy is used to determine the convection heat transfer coefficient 
ℎ𝑐𝑣 from the friction factor 𝑓, as shown in Equation (23) and Equation (24). The values of the 
coefficient α and the exponent β of the J-factor in Equation (25) have been experimentally determined 
by Howden and are taken from the results of thermal performance analysis conducted in previous 
work [1]. 
𝑆𝑡 =
ℎ𝑐𝑣 
𝐶𝑝𝑔𝑎𝑠 ∙ 𝜌𝑔𝑎𝑠 ∙ 𝑢𝑔𝑎𝑠
 (23) 
𝐽𝐻 =
𝑓
2
= 𝑆𝑡 ∙ 𝑃𝑟2/3 (24) 
𝐽𝐻 = 𝛼 ∙ 𝑅𝑒
𝛽 (25) 
 
 
 
 
 
 
 
 
 
34 
 
Appendix C. Mathematical model for convection-condensation heat transfer in a rotary 
gas/gas heat exchanger 
The mathematical model for convection-condensation heat transfer in a rotary heat exchanger with a 
bisector configuration consists of a system of partial differential equations which describe the 
processes of the sensible and latent heat transfer, shown in Equations (26) and (27), and the mass 
transfer due to water condensation/ evaporation in the system, shown in Equation (31). The amount 
of energy lost/gained by the fluid is equal to the amount of energy transferred across the non-
condensable gas boundary layer, which is equal to the amount of energy gained/lost by the metal 
element. The thermal resistance to heat transfer through the condensed liquid film is neglected and, 
thus, the overall heat transfer coefficient, ℎ𝑜𝑣𝑒𝑟𝑎𝑙𝑙, is calculated as the convection-condensation heat 
transfer coefficient. 
C.1 Energy balance  
The finite difference equations derived from the partial differential equations for heat transfer as 
implemented in gPROMS are shown in Equation (28) and Equation (29), where ℎ′𝑓𝑔 is the latent 
heat of condensation. The overall heat transfer coefficient, ℎ𝑜𝑣𝑒𝑟𝑎𝑙𝑙, is evaluated as indicated in 
Equation (30). This correlation is theoretically derived in Appendix D. The coefficient C and the 
exponent m are evaluated to match the value of the convective heat transfer coefficient when there is 
not water condensation.  
?̇?𝐺 ∙ 𝐶𝑝 𝐺 ∙ (
𝜕𝑇𝐺
𝜕𝑥
) +  ℎ′𝑓𝑔 (
𝜕?̇?𝐻2𝑂 𝑔𝑎𝑠
𝜕𝑥
) = ℎ𝑜𝑣𝑒𝑟𝑎𝑙𝑙  
𝐴𝑠
𝐿
(𝑇𝑆 − 𝑇𝐺) (26) 
?̇?𝑆 ∙ 𝐶𝑝 𝑆 ∙
1
𝐿
∙ (
𝜕𝑇𝑆
𝜕𝜏
) = ℎ𝑜𝑣𝑒𝑟𝑎𝑙𝑙  
𝐴𝑠
𝐿
(𝑇𝐺 − 𝑇𝑆)  (27) 
(?̇?(𝑗−1,𝑠) ∙ 𝐶𝑝 𝐺(𝑗−1,𝑠) ∙ 𝑇𝐺(𝑗−1,𝑠) − ?̇?(𝑗,𝑠) ∙ 𝐶𝑝 𝐺(𝑗,𝑠) ∙ 𝑇𝐺(𝑗,𝑠)) + ℎ′𝑓𝑔 (𝑇𝑆(𝑗,𝑠))
∙ ?̇?𝐻2𝑂 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑑(𝑗,𝑠) =  ℎ𝑜𝑣𝑒𝑟𝑎𝑙𝑙(𝑗,𝑠)
𝐴𝑠
𝑁𝜏 ∙ 𝑁𝐿
(𝑇𝐺(𝑗,𝑠) − 𝑇𝑆(𝑗,𝑠)) 
(28) 
?̇? ∙ 𝐶𝑝 𝑆 ∙ (𝑇𝑆(𝑗,𝑠−1) − 𝑇𝑆(𝑗,𝑠)) = ℎ𝑜𝑣𝑒𝑟𝑎𝑙𝑙(𝑗,𝑠)
𝐴𝑠
𝑁𝜏 ∙ 𝑁𝐿
(𝑇𝑆(𝑗,𝑠) − 𝑇𝐺(𝑗,𝑠)) (29) 
ℎ𝑜𝑣𝑒𝑟𝑎𝑙𝑙(𝑗,𝑠) ∙ 𝐷ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐
𝑘𝑔𝑎𝑠
= 𝐶 ∙ 𝑅𝑒(𝑗,𝑠)
𝑚 ∙ 𝑃𝑟(𝑗,𝑠)
1/3 ∙ (1 + 𝐿𝑒(𝑗,𝑠) 
−2/3 ∙ 𝐵(𝑗,𝑠) ∙ 𝐽𝑎(𝑗,𝑠)
−1) (30) 
for     𝑗 = 1 … 𝑁𝐿(no. of longitudinal sections), 𝑠 = 1 … 𝑁𝜏(no. of time sections)  
C.2 Mass balance 
The finite difference equations derived from the partial differential equations for mass transfer as 
implemented in gPROMS are shown in Equations (32), (33) and (34), where ?̇?𝐻2𝑂 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑑is the 
amount of water condensed/ evaporated in each stage, ?̇?𝐻2𝑂 𝑜𝑛 𝑆𝑜𝑙𝑖𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒is the cumulative amount 
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of condensed water on the metal elements and 𝑦𝐻2𝑂,𝐺 is the molar fraction of water vapour in the gas 
bulk. The molar fraction of water vapour at the liquid-vapour interface, 𝑦𝐻2𝑂,𝑖, is evaluated as 
indicated in Equation (35), where 𝑃𝑠𝑎𝑡,𝐻2𝑂  is the saturation pressure of water vapour in the gas at the 
metal/solid elements temperature, 𝑇𝑆, and 𝑃𝐺 is the total pressure. Since thermal resistance through 
the condensed liquid is neglected, the temperature at the liquid-vapour interface is the same as the 
temperature of the metal elements. The mass transfer coefficient, ℎ𝑚, is evaluated according to the 
Chilton and Colburn J-factor analogy for heat and mass transfer which is explained in Appendix C 
and shown in Equation (36).  
(
𝜕?̇?𝐻2𝑂 𝐺
𝜕𝑥
) = ?̇?𝐺 ∙ (
𝜕𝑦𝐻2𝑂,𝐺
𝜕𝑥
) = ℎ𝑚  
𝐴𝑠
𝐿
(𝑦𝐻2𝑂,𝐺 − 𝑦𝐻2𝑂,𝑖) (31) 
(?̇?(𝑗−1,𝑠) ∙ 𝑦𝐻2𝑂,𝐺(𝑗−1,𝑠) − ?̇?(𝑥,𝜏) ∙ 𝑦𝐻2𝑂,𝑖(𝑥,𝜏)) = ?̇?𝐻2𝑂 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑑(𝑗,𝑠) (32) 
(?̇?𝐻2𝑂 𝑜𝑛 𝑆𝑜𝑙𝑖𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑗,𝑠) − ?̇?𝐻2𝑂 𝑜𝑛 𝑆𝑜𝑙𝑖𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑗,𝑠−1)) = ?̇?𝐻2𝑂 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑑(𝑗,𝑠) (33) 
?̇?𝐻2𝑂 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑑(𝑗,𝑠) =  ℎ𝑚(𝑗,𝑠) ∙
𝐴𝑠
𝑁𝜏 ∙ 𝑁𝐿
∙ (𝑦𝐻2𝑂,𝐺(𝑗,𝑠) − 𝑦𝐻2𝑂,𝑖(𝑗,𝑠)) (34) 
𝑦𝐻2𝑂,𝑖(𝑗,𝑠) = 𝑦
∗
𝐻2𝑂(𝑗,𝑠)
=
𝑃𝑠𝑎𝑡,𝐻2𝑂 (𝑇𝑆(𝑗,𝑠))
𝑃𝐺(𝑗,𝑠)
 (35) 
ℎ𝑚(𝑗,𝑠) =
ℎ𝑐𝑣(𝑗,𝑠)
𝜌𝑔𝑎𝑠(𝑗,𝑠) ∙ 𝐶𝑝𝑔𝑎𝑠(𝑗,𝑠) ∙ 𝐿𝑒
2/3
(𝑗,𝑠)
 (36) 
for     𝑗 = 1 … 𝑁𝐿(no. of longitudinal sections), 𝑠 = 1 … 𝑁𝜏(no. of time sections)  
C.3 Periodic equilibrium conditions 
As inlet conditions, mass flow rate, composition, temperature and pressure are defined for the flue 
gas at the top of the wheel (j = NL, s), and for the air at the bottom of the wheel (j = 0, s) to account 
for a counter current flow arrangement, as indicated in Equations from (37) to (39). The 
cooling/heating cycle requires to define the temperature of the metal elements and the amount of 
condensed water remaining on the surface of the metal elements at the boundaries between the 
heating and the cooling sections, as indicated in Equations from (40) to (43). 
It has been assumed that the total amount of condensed water from the flue gas remains on the surface 
of the elements and it is therefore transferred to the heating section. Liquid water does not drain off 
the wheel.   
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Flue gas side (cooling) Air side (heating)  
?̇?G(𝑁𝐿,𝑠)
= ?̇?GasIN ?̇?G(0,𝑠) = ?̇?AirIN (37) 
𝑦𝐻2𝑂(𝑁𝐿,𝑠)
= 𝑦𝐻2𝑂GasIN
 𝑦𝐻2𝑂(0,𝑠) = 𝑦𝐻2𝑂AirIN
 (38) 
𝑇G(𝑁𝐿,𝑠)
= 𝑇GasIN 𝑇G(0,𝑠) = 𝑇AirIN (39) 
for     𝑠 = 1 … 𝑁𝜏(no. of time sections)  
 
[𝑇S(𝑗,0)]Heating
= [𝑇S(𝑁𝐿−𝑗,Nτ)]Cooling
 (40) 
[𝑚𝐻2𝑂 𝑜𝑛 𝑆𝑜𝑙𝑖𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑗,0)]Heating
= [𝑚𝐻2𝑂𝑜𝑛 𝑆𝑜𝑙𝑖𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑁𝐿−𝑗,Nτ)
]
Cooling
 (41) 
[𝑇S(𝑁𝐿−𝑗,0)]Cooling
= [𝑇S(𝑗,Nτ)]Heating
 (42) 
[𝑚𝐻2𝑂 𝑜𝑛 𝑆𝑜𝑙𝑖𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑁𝐿−𝑗,0)
]
Cooling
= [𝑚𝐻2𝑂 𝑜𝑛 𝑆𝑜𝑙𝑖𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑗,Nτ)
]
Heating
 (43) 
for    j = 1 … NL(no. longitudinal sections), s = 1 … Nτ(no. of time sections)  
 
 
 
 
 
 
 
 
 
 
37 
 
Appendix D. The normalised correlation of convection-condensation heat transfer 
coefficient  
A dimensional analysis leads to Equation (44), which includes the major influential factors of the 
convective-condensation heat transfer coefficient, ℎ𝑜𝑣𝑒𝑟𝑎𝑙𝑙. A dimensional parameter group 𝐶ℎ, 
known as condensation heat transfer factor or condensation factor, can be obtained and it is defined 
in Equation (45), where 𝑇𝑠𝑎𝑡(𝑝𝑣) is the saturation temperature corresponding to the partial pressure 
of vapour in the bulk gas, 𝑝𝐻2𝑂,𝑔𝑎𝑠, and 𝑇𝑆 is the surface temperature. Che et al. [30] propose a 
normalized correlation of convection-condensation heat transfer coefficient shown in Equation (46), 
where C, m and n are constants to be determined experimentally [30,33]. The Prandtl number can be 
assumed constant and an exponent of 1/3 is assumed as in forced convention heat transfer.  
ℎ𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝑓(𝜇𝑔𝑎𝑠 , 𝑘𝑔𝑎𝑠, 𝐶𝑝𝑔𝑎𝑠, 𝜌𝑔𝑎𝑠, 𝐷, 𝑇𝑔𝑎𝑠 − 𝑇𝑆, 𝑇𝑠𝑎𝑡 − 𝑇𝑆) (44) 
𝐶ℎ =
𝑇𝑠𝑎𝑡(𝑝𝑣) − 𝑇𝑆
𝑇𝑔𝑎𝑠 − 𝑇𝑆
 (45) 
𝑁𝑢𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝑪 ∙ 𝑅𝑒
𝒎 ∙ 𝑃𝑟1/3 ∙ 𝐶ℎ𝒏 (46) 
The use of the condensation factor presents however a limitation, since Ch tends to zero when the 
vapour mass fraction is small. Therefore, the correlation would only be applicable to relatively high 
vapour fractions. In order to overcome this limitation, the theoretical analysis conducted by Liang et 
al. [29] leads to a dimensionless parameters group known as augmentation factor. The augmentation 
factor takes into account the effect of condensation of a relatively small amount of water vapour on 
convection heat transfer. A correlation is then derived to evaluate the combined convection-
condensation heat transfer coefficient [27,29]. 
The augmentation factor results from the mass balance for the condensed water vapour and the non-
condensable gases in the mixture at the interface. The vapour must diffuse through the non-
condensable gas boundary layer to reach the liquid-vapour interface. A mass balance at the interface 
for each component leads to Equation (47) and Equation (48), where 𝑚′′𝐻2𝑂,𝑐𝑜𝑛𝑑 is the mass transfer 
rate of condensing water per unit area, 𝑚′′𝑛𝑜𝑛 𝑐𝑜𝑛𝑑 is the mass transfer rate of non-condensable gases 
per unit area, 𝑚𝑓𝐻2𝑂,𝑖  is the water vapour mass fraction and 𝑚𝑓𝑛𝑜𝑛 𝑐𝑜𝑛𝑑,𝑖 the mass fraction of non-
condensable gases at the interface. Considering a mixture of only two components, condensing 
vapour and non-condensable gases and conditions in Equation (49) and (50), Equations (47) and 
Equation (48) can be combined to obtain Equation (51), where ℎ𝑚 is the mass transfer coefficient 
and B is the driving force for mass transfer.  
𝑚′′𝐻2𝑂,𝑐𝑜𝑛𝑑 = 𝑚′′𝑡𝑜𝑡𝑎𝑙, 𝑖 ∙ 𝑚𝑓𝐻2𝑂,𝑖 + (−𝜌𝐷
𝜕𝑚𝑓𝐻2𝑂
𝜕𝑦
)
𝑖
 (47) 
𝑚′′𝑛𝑜𝑛 𝑐𝑜𝑛𝑑 = 𝑚′′𝑡𝑜𝑡𝑎𝑙, 𝑖 ∙ 𝑚𝑓𝑛𝑜𝑛 𝑐𝑜𝑛𝑑,𝑖 + (−𝜌𝐷
𝜕𝑚𝑓𝑛𝑜𝑛 𝑐𝑜𝑛𝑑
𝜕𝑦
)
𝑖
= 0 (48) 
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𝑚𝑓𝐻2𝑂 + 𝑚𝑓𝑛𝑜𝑛 𝑐𝑜𝑛𝑑 = 1 (49) 
𝜕𝑚𝑓𝐻2𝑂
𝜕𝑦
+
𝜕𝑚𝑓𝑛𝑜𝑛 𝑐𝑜𝑛𝑑
𝜕𝑦
= 0 (50) 
𝑚′′𝐻2𝑂,𝑐𝑜𝑛𝑑 =
(−𝜌𝐷
𝜕𝑚𝑓𝐻2𝑂
𝜕𝑦 )𝑖
1 − 𝑚𝑓𝐻2𝑂,𝑖
= ℎ𝑚
(𝒎𝒇𝑯𝟐𝑶,𝒈𝒂𝒔 − 𝒎𝒇𝑯𝟐𝑶,𝒊)
(𝟏 − 𝒎𝒇𝑯𝟐𝑶,𝒊)
= ℎ𝑚 ∙ 𝑩 
(51) 
In the condensation process, the mass fraction of water vapour at the interface, 𝑚𝑓𝐻2𝑂,𝑖, can be 
considered equal to the value corresponding to a saturated gas at the surface temperature if the 
resistance of the condensate film is neglected. 
The condensation heat transfer coefficient ℎ𝑐𝑜𝑛𝑑 can be defined as a function of the mass transfer 
rate of condensed water, as shown in Equation (53). This equation results from substituting Equation 
(51) into the expression for the latent heat transfer rate through the interface between the bulk gas 
and the gas boundary layer, Equation (52). 
𝑑?̇?𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 =  𝐻𝑓𝑔 ∙ 𝑚
′′
𝐻2𝑂,𝑐𝑜𝑛𝑑  ∙ 𝑑𝐴 = ℎ𝑐𝑜𝑛𝑑 ∙ (𝑇𝑔𝑎𝑠 − 𝑇𝑖) ∙ 𝑑𝐴 (52) 
ℎ𝑐𝑜𝑛𝑑 =  
𝐻𝑓𝑔 ∙ 𝑚′′𝐻2𝑂,𝑐𝑜𝑛𝑑
(𝑇𝑔𝑎𝑠 − 𝑇𝑖)
=
𝐻𝑓𝑔 ∙ ℎ𝑚 ∙ 𝐵 
(𝑇𝑔𝑎𝑠 − 𝑇𝑖)
 (53) 
According to the definition of the Nusselt number, Equation (54) can be obtained. By using the 
definition of the Sherwood number (𝑆ℎ), Equation (54) can be written as Equation (55), where 
𝑆𝑐/𝑃𝑟 is the Lewis number (𝐿𝑒) and the group 𝐶𝑝𝑔𝑎𝑠 ∙ (𝑇𝑔𝑎𝑠 − 𝑇𝑖 )/𝐻𝑓𝑔 is the ratio of the sensible 
heat transfer to the heat of phase change, known as Jakob number (𝐽𝑎).   
𝑁𝑢𝑐𝑜𝑛𝑑 =
ℎ𝑐𝑜𝑛𝑑 ∙ 𝐷ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐
𝑘𝑔𝑎𝑠
=  
𝐻𝑓𝑔 ∙ ℎ𝑚 ∙ 𝐵 
(𝑇𝑔𝑎𝑠 − 𝑇𝑖)
∙
𝐷ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐
𝑘𝑔𝑎𝑠
 (54) 
𝑁𝑢𝑐𝑜𝑛𝑑 = 𝑆ℎ ∙ 𝐵 ∙
𝐻𝑓𝑔
𝐶𝑝𝑔𝑎𝑠 ∙ (𝑇𝑔𝑎𝑠 − 𝑇𝑖)
∙
𝑃𝑟
𝑆𝑐
 (55) 
𝑁𝑢𝑐𝑜𝑛𝑑 = 𝑆ℎ ∙ 𝐵 ∙ 𝐽𝑎
−1 ∙ 𝐿𝑒−1 (56) 
𝑁𝑢𝑐𝑜𝑛𝑑 = 𝐶′ ∙ 𝑅𝑒
𝑚′ ∙ 𝑃𝑟1/3 ∙ 𝐿𝑒 −2/3 ∙ 𝐵 ∙ 𝐽𝑎−1 (57) 
The Nusselt number for the overall heat transfer coefficient of both sensible and latent components 
is obtained combining Equation (57) and (58). Using the analogy for mass transfer and heat transfer, 
it can be assumed 𝐶′ = 𝐶 and 𝑚′ = 𝑚, leading to Equation (59).The mass transfer expression 
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described by the Sherwood number is identical to the heat transfer expression described by the 
Nusselt number for the same boundary conditions, as explained in Appendix A. 
𝑁𝑢𝑐𝑣 = 𝐶 ∙ 𝑅𝑒
𝑚 ∙ 𝑃𝑟1/3 (58) 
𝑁𝑢𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝑁𝑢𝑐𝑜𝑛𝑑 + 𝑁𝑢𝑐𝑣 = 𝐶 ∙ 𝑅𝑒
𝑚 ∙ 𝑃𝑟1/3 ∙ (1 + 𝐿𝑒 −2/3 ∙ 𝐵 ∙ 𝐽𝑎−1) (59) 
𝑎𝑢𝑔𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 ≡ (1 + 𝐿𝑒 −2/3 ∙ 𝐵 ∙ 𝐽𝑎−1) (60) 
Equation (59) is the normalized correlation of convection-condensation heat transfer, in which C and 
m are constant to be determined from experimental data. The augmentation factor, shown in Equation 
(60), therefore accounts for the enhancement effect induced by condensation of water vapour on 
forced convection heat transfer [29]. A qualitative analysis of Equation (59) shows that if the vapour 
mass fraction is zero, i.e. 𝑚𝑓𝐻2𝑂,𝑔𝑎𝑠 = 𝑚𝑓𝐻2𝑂,𝑖 = 0, B will be equal to zero and the augmentation 
factor is reduced to unit. Consequently, Equation (59) is reduced to the form of the Nusselt number 
for convection heat transfer without condensation.  
Equation (61) and Equation (62) indicate that the condensation factor and the augmentation factor 
have the same physical meaning.  
1/𝐽𝑎 =
𝐻𝑓𝑔
𝐶𝑝𝑔𝑎𝑠 ∙ (𝑇𝑔𝑎𝑠 − 𝑇𝑤)
≈
1
(𝑇𝑔𝑎𝑠 − 𝑇𝑤)
 (61) 
𝐶ℎ =
𝑇𝑠𝑎𝑡(𝑝𝑣) − 𝑇𝑤
𝑇𝑔𝑎𝑠 − 𝑇𝑤
≈
1
(𝑇𝑔𝑎𝑠 − 𝑇𝑤)
 (62) 
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The Chilton and Colburn J-factor analogy establishes an analogy between heat, momentum and mass 
transfer. Equation (63) permits therefore the prediction of heat transfer coefficient, mass transfer 
coefficient or friction factor when one of the others is known. 𝐽𝐻 is the J-factor for heat transfer, 𝐽𝐷 
is the J-factor for mass transfer and 𝑓 is the friction factor, defined as indicated in Equations (64) and 
(66). The analogy is valid for fully developed turbulent flow when Re > 10,000 and for ranges 0.6 < 
Sc < 2500 and 0.6 < Pr < 100. 
𝐽𝐷 = 𝐽𝐻 =
𝑓
2
 (63) 
𝐽𝐻 =
𝑓
2
= 𝑆𝑡 ∙ 𝑃𝑟2/3 =
ℎ𝑐𝑣
𝜌𝑔𝑎𝑠 ∙ 𝐶𝑝𝑔𝑎𝑠 ∙ 𝑣𝑔𝑎𝑠
𝑃𝑟2/3 (64) 
𝐽𝐻 = 𝛼 ∙ 𝑅𝑒
𝛽 (65) 
𝐽𝐷 = 𝑆𝑡𝑚 ∙ 𝑆𝑐
2/3 =
ℎ𝑚
𝑣𝑔𝑎𝑠
𝑆𝑐2/3 (66) 
ℎ𝑚
ℎ𝑐𝑣
=
1
𝜌𝑔𝑎𝑠 ∙ 𝐶𝑝𝑔𝑎𝑠 ∙ 𝐿𝑒2/3
 (67) 
Force convection heat transfer and mass transfer can therefore be described by the Nusselt number 
(Nu) and the Sherwood number (Sh), as indicated in Equations (68) and (69). For a given process, if 
the boundary conditions are the same, there is an analogy between the heat transfer and the mass 
transfer. Thus the coefficients and the exponents in Equations (68) and (69) should be identical. 
Equation (71) relates mass transfer coefficient (ℎ𝑚) and heat transfer coefficient (ℎ𝑐𝑣) and gives a 
good prediction when the steam mass concentrations was less than 25% [34].  
𝑁𝑢 = 𝐶 ∙ 𝑅𝑒𝑚 ∙ 𝑃𝑟1/3 (68) 
𝑆ℎ = 𝐶′ ∙ 𝑅𝑒𝑚′ ∙ 𝑆𝑐1/3 (69) 
𝑁𝑢
𝑆ℎ
= (
𝑃𝑟
𝑆𝑐
)
1/3
 (70) 
ℎ𝑐𝑣
ℎ𝑚
= 𝜌𝑔𝑎𝑠 ∙ 𝐶𝑝𝑔𝑎𝑠 ∙ (
𝑆𝑐
𝑃𝑟
)
2/3
= 𝜌𝑔𝑎𝑠 ∙ 𝐶𝑝𝑔𝑎𝑠 ∙ 𝐿𝑒
2/3 (71) 
 
 
Dimensionless numbers  
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Jacob number 𝐽𝑎 =
𝐶𝑝𝑔𝑎𝑠 ∙ (𝑇𝑔𝑎𝑠 − 𝑇𝑖)
𝐻𝑓𝑔
 (72) 
Lewis number  𝐿𝑒 =
𝑆𝑐
𝑃𝑟
 (73) 
Nusselt number 𝑁𝑢 =
ℎ ∙ 𝐷ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐
𝑘𝑔𝑎𝑠
 (74) 
Prandtl number 𝑃𝑟 =
𝜇𝑔𝑎𝑠 ∙ 𝐶𝑝𝑔𝑎𝑠
𝑘𝑔𝑎𝑠
 (75) 
Reynolds number  𝑅𝑒 =
𝜌𝑔𝑎𝑠 ∙ 𝑢𝑔𝑎𝑠 ∙ 𝐷ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐
𝜇𝑔𝑎𝑠
 (76) 
Stanton number  𝑆𝑡 =
ℎ
𝐶𝑝𝑔𝑎𝑠 ∙ 𝜌𝑔𝑎𝑠 ∙ 𝑢𝑔𝑎𝑠
 (77) 
Sherwood number 𝑆ℎ =
ℎ𝑚 ∙ 𝐷ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐
𝜌𝑔𝑎𝑠 ∙ 𝐷𝑎𝑏
 (78) 
Schmidt number  𝑆𝑐 =
𝜇𝑔𝑎𝑠
𝜌𝑔𝑎𝑠 ∙ 𝐷𝑎𝑏
 (79) 
 
 
 
 
 
 
 
 
 
 
Appendix F. Variables profiles predicted from the gPROMS model of an air/gas rotary 
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F.1.- Convection-condensation heat transfer with water evaporation 
Process modelling of a rotary air/gas heat exchanger for the flue gas cooling in a HRSG with EGR 
at 35% recirculation ratio is conducted first assuming that all the condensed water remains on the 
metal surface and it is completely evaporated into the ambient air stream. Results are discussed in 
Section 4.2.1 and presented here in terms of the flue gases temperature profile (Figure F.1), the metal 
temperature profile (Figure F.2), the water condensation (+ve) and evaporation (-ve) flow rate profile 
(Figure F.3) and the augmentation factor values at different locations in the rotary heat exchanger 
(Figure F.4). 
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x/L GAS INLET AIR OUTLET 
0.00 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 51.6 50.7 50.6 50.5 50.4 50.4 50.4 50.3 50.3 50.2 50.2 
0.07 63.5 63.5 63.5 63.6 63.6 63.6 63.6 63.6 63.6 63.6 63.6 63.7 50.3 49.3 49.2 49.1 48.9 49.0 48.9 48.8 48.8 48.7 48.7 
0.13 62.1 62.1 62.1 62.1 62.2 62.2 62.2 62.2 62.3 62.3 62.3 62.3 49.1 47.8 47.7 47.6 47.3 47.4 47.3 47.3 47.2 47.1 47.1 
0.20 60.6 60.7 60.7 60.8 60.8 60.8 60.9 60.9 60.9 61.0 61.0 61.0 47.8 46.3 46.1 46.0 45.7 45.8 45.7 45.6 45.5 45.4 45.4 
0.27 59.3 59.3 59.4 59.4 59.5 59.5 59.5 59.6 59.6 59.7 59.7 59.7 46.5 44.7 44.5 44.3 44.0 44.1 44.0 43.9 43.8 43.7 43.6 
0.33 57.8 57.9 57.9 58.0 58.0 58.1 58.1 58.2 58.2 58.3 58.3 58.3 45.4 43.1 42.9 42.6 42.2 42.4 42.2 42.2 42.0 41.9 41.8 
0.40 56.4 56.5 56.5 56.6 56.6 56.7 56.7 56.8 56.9 56.9 56.9 57.0 44.2 41.4 41.2 40.9 40.4 40.5 40.4 40.3 40.1 40.0 39.9 
0.47 55.0 55.1 55.1 55.2 55.3 55.3 55.4 55.4 55.5 55.6 55.6 55.6 43.1 39.7 39.3 39.0 38.4 38.6 38.4 38.3 38.0 37.9 37.8 
0.53 53.7 53.7 53.8 53.9 53.9 54.0 54.0 54.1 54.2 54.2 54.3 54.3 41.9 37.8 37.4 36.9 36.3 36.5 36.2 36.1 35.8 35.6 35.5 
0.60 52.2 52.2 52.3 52.5 52.6 52.6 52.7 52.8 52.8 52.9 52.9 53.0 36.3 35.8 35.3 34.8 34.0 34.2 33.9 33.8 33.4 33.2 33.0 
0.67 50.6 50.7 50.8 51.0 51.1 51.2 51.3 51.4 51.4 51.5 51.6 51.6 33.9 33.4 33.0 32.5 31.5 31.8 31.5 31.4 30.8 30.6 30.4 
0.73 49.1 49.2 49.4 49.6 49.8 49.8 49.9 50.1 50.2 50.3 50.3 50.4 31.1 30.7 30.2 29.8 29.4 29.2 28.8 28.7 28.1 27.8 27.6 
0.80 47.5 47.7 47.9 48.2 48.3 48.4 48.6 48.7 48.9 49.0 49.1 49.2 27.9 27.5 27.1 26.7 26.4 26.2 25.9 25.5 25.2 25.0 24.6 
0.87 45.6 45.9 46.2 46.5 46.8 46.9 47.1 47.3 47.5 47.7 47.8 47.9 24.2 23.8 23.5 23.2 23.0 22.8 22.6 22.3 22.1 21.9 21.7 
0.93 43.7 44.1 44.4 44.8 45.1 45.3 45.6 45.9 46.1 46.4 46.5 46.6 19.9 19.7 19.5 19.3 19.2 19.1 19.0 18.8 18.7 18.5 18.4 
1.00 41.6 42.1 42.5 43.0 43.4 43.5 43.9 44.3 44.6 44.9 45.0 45.2 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 
 GAS OUTLET  AIR INLET 
Figure F.1.- Flue gas and air temperature profiles for convection-condensation heat transfer with water evaporation into ambient air (ºC) 
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x/L GAS INLET AIR OUTLET 
0.07 55.5 55.6 55.7 55.8 55.9 56.0 56.1 56.2 56.3 56.4 56.5 57.4 57.3 57.3 57.2 57.2 57.1 57.1 57.0 57.0 56.9 56.9 
0.13 54.4 54.5 54.6 54.7 54.8 54.9 55.0 55.1 55.1 55.2 55.3 56.1 56.1 56.0 56.0 55.9 55.9 55.8 55.8 55.7 55.7 55.6 
0.20 53.3 53.4 53.5 53.6 53.7 53.7 53.8 53.9 54.0 54.1 54.2 54.9 54.9 54.8 54.8 54.7 54.6 54.6 54.5 54.5 54.4 54.4 
0.27 52.2 52.3 52.4 52.5 52.6 52.6 52.7 52.8 52.9 53.0 53.1 53.7 53.6 53.6 53.5 53.5 53.4 53.3 53.3 53.2 53.2 53.1 
0.33 50.3 50.4 50.5 50.6 50.7 50.8 50.9 51.0 51.0 51.1 51.2 52.0 51.9 51.9 51.8 51.7 51.7 51.6 51.6 51.5 51.4 51.4 
0.40 49.2 49.3 49.4 49.5 49.6 49.7 49.7 49.8 49.9 50.0 50.1 50.7 50.7 50.6 50.6 50.5 50.4 50.4 50.3 50.2 50.2 50.1 
0.47 48.1 48.2 48.3 48.4 48.5 48.5 48.6 48.7 48.8 48.9 49.0 49.5 49.4 49.4 49.3 49.2 49.2 49.1 49.0 49.0 48.9 48.8 
0.53 47.0 47.1 47.2 47.3 47.4 47.4 47.5 47.6 47.7 47.8 47.9 48.2 48.2 48.1 48.0 48.0 47.9 47.8 47.7 47.7 47.6 47.5 
0.60 45.9 46.0 46.1 46.2 46.3 46.4 46.5 46.5 46.6 46.7 46.8 46.9 46.7 46.7 46.6 46.5 46.4 46.4 46.3 46.2 46.1 46.0 
0.67 43.9 44.2 44.5 44.7 45.0 45.2 45.4 45.5 45.7 45.8 46.0 46.0 45.6 45.1 44.6 44.6 44.5 44.4 44.3 44.2 44.1 44.1 
0.73 42.7 43.1 43.4 43.8 44.1 44.3 44.6 44.8 45.0 45.2 45.4 45.3 44.8 44.2 43.7 43.2 42.8 42.8 42.7 42.6 42.5 42.4 
0.80 40.6 41.1 41.6 42.0 42.4 42.8 43.2 43.5 43.8 44.1 44.3 44.2 43.5 42.9 42.4 41.8 41.2 40.7 40.1 40.0 40.0 39.8 
0.87 37.6 38.2 38.9 39.5 40.1 40.6 41.1 41.6 42.0 42.4 42.8 42.5 41.9 41.2 40.6 39.9 39.3 38.8 38.2 37.7 37.1 36.8 
0.93 35.4 36.1 36.8 37.4 38.1 38.7 39.2 39.8 40.3 40.8 41.3 40.9 40.1 39.4 38.6 38.0 37.3 36.7 36.1 35.5 34.9 34.4 
1.00 32.4 33.2 33.9 34.7 35.4 36.1 36.8 37.4 38.0 38.6 39.2 38.8 37.9 37.1 36.3 35.5 34.8 34.1 33.5 32.9 32.3 31.7 
 GAS OUTLET  AIR INLET 
Figure F.2.- Metal elements temperature profiles for convection-condensation heat transfer with water evaporation into ambient air (ºC) 
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x/L GAS INLET AIR OUTLET 
0.07 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.40 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.53 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.60 0.4 0.4 0.2 0.1 0 0 0 0 0 0 0 0 -0.7 0 0 0 0 0 0 0 0 0 0 0 
0.67 2.9 2.7 2.4 2.1 1.8 1.5 1.2 1.0 0.8 0.6 0.5 0.4 -4.9 -4.9 -4.8 -3.1 0 0 0 0 0 0 0 0 
0.73 3.7 3.5 3.2 2.9 2.6 2.3 2.0 1.8 1.5 1.3 1.2 1.1 -5.7 -5.6 -5.5 -5.4 -5.3 -5.8 0 0 0 0 0 0 
0.80 5.3 5.1 4.7 4.4 4.0 3.7 3.4 3.1 2.8 2.5 2.4 2.3 -6.3 -6.2 -6.1 -5.9 -5.7 -5.6 -5.5 -5.3 0 0 0 0 
0.87 7.1 6.9 6.6 6.2 5.8 5.4 5.1 4.7 4.4 4.0 3.9 3.7 -6.9 -6.8 -6.5 -6.3 -6.1 -6.0 -5.8 -5.6 -5.4 -5.3 -6.1 0 
0.93 7.5 7.4 7.1 6.9 6.6 6.2 5.9 5.6 5.3 5.0 4.8 4.7 -7.8 -7.6 -7.3 -7.0 -6.7 -6.5 -6.3 -6.0 -5.8 -5.6 -5.4 -5.3 
1.00 8.2 8.1 7.9 7.7 7.5 7.3 7.0 6.7 6.4 6.2 6.0 5.9 -8.8 -8.6 -8.2 -7.7 -7.4 -7.2 -6.9 -6.5 -6.3 -6.0 -5.7 -5.6 
 GAS OUTLET AIR INLET 
Figure F.3.- Condensed (+ve) /Evaporated (-ve) water flow rate (mol/s) for convection-condensation heat transfer with water evaporation into ambient air 
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x/L GAS INLET AIR OUTLET 
0.00 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.07 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.13 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.20 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.27 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.33 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.40 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.47 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.53 1.2 1.2 1.1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.60 3.2 3.1 2.9 2.7 2.5 2.3 2.1 1.9 1.7 1.5 1.4 1.3 6.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.67 4.2 4.1 3.9 3.8 3.5 3.3 3.1 2.9 2.7 2.5 2.3 2.2 5.7 5.7 5.6 5.6 5.7 5.4 1.0 1.0 1.0 1.0 1.0 1.0 
0.73 5.1 5.0 4.9 4.9 4.7 4.5 4.4 4.2 4.0 3.8 3.6 3.5 5.6 5.6 5.5 5.5 5.4 5.3 5.5 5.5 1.0 1.0 1.0 1.0 
0.80 5.5 5.5 5.5 5.5 5.4 5.3 5.2 5.2 5.0 4.9 4.8 4.7 5.5 5.4 5.4 5.3 5.2 5.2 5.1 5.1 5.1 5.1 4.7 1.0 
0.87 5.5 5.5 5.5 5.6 5.6 5.6 5.6 5.5 5.5 5.5 5.4 5.4 5.3 5.2 5.2 5.1 5.1 5.0 4.9 4.9 4.8 4.8 4.7 4.8 
0.93 5.3 5.4 5.4 5.5 5.5 5.6 5.6 5.7 5.7 5.7 5.7 5.7 5.2 5.2 5.1 5.0 5.0 4.9 4.9 4.8 4.7 4.7 4.7 4.6 
1.00 5.4 5.5 5.6 5.6 5.7 5.7 5.7 5.8 5.8 5.8 5.8 5.8 5.2 5.1 5.1 5.0 5.0 4.9 4.8 4.8 4.7 4.7 4.7 4.7 
 GAS OUTLET AIR INLET 
Figure F.4.- Augmentation factors for convection-condensation heat transfer with water evaporation into ambient air 
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F.2.- Convection-condensation heat transfer with water drainage 
Process modelling of a rotary air/gas heat exchanger for the flue gas cooling in a HRSG with EGR 
at 35% recirculation ratio is conducted assuming that all the condensed completely drains off the 
system. Results are discussed in Section 4.2.2 and presented here in terms of the flue gases 
temperature profile (Figure F.5), the metal temperature profile (Figure F.6), the water condensation 
(+ve) and evaporation (-ve) flow rate profile (Figure F.7) and the augmentation factor values at 
different locations in the rotary heat exchanger (Figure F.8). 
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x/L GAS INLET AIR OUTLET 
0.00 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 65.0 52.0 51.9 51.9 51.8 51.8 51.7 51.7 51.6 51.6 51.5 51.5 
0.07 63.6 63.7 63.7 63.7 63.7 63.7 63.7 63.7 63.8 63.8 63.8 63.8 50.6 50.5 50.5 50.4 50.3 50.3 50.3 50.2 50.1 50.1 50.0 
0.13 62.3 62.3 62.3 62.4 62.4 62.4 62.4 62.5 62.5 62.5 62.5 62.5 49.1 49.1 49.0 48.9 48.9 48.9 48.8 48.7 48.7 48.6 48.6 
0.20 60.9 61.0 61.0 61.1 61.1 61.1 61.2 61.2 61.2 61.3 61.3 61.3 47.6 47.6 47.5 47.4 47.4 47.4 47.3 47.2 47.2 47.1 47.1 
0.27 59.6 59.7 59.7 59.8 59.8 59.8 59.9 59.9 60.0 60.0 60.0 60.0 46.1 46.0 45.9 45.9 45.8 45.8 45.7 45.7 45.6 45.5 45.5 
0.33 58.2 58.3 58.3 58.4 58.4 58.5 58.5 58.6 58.6 58.7 58.7 58.7 44.5 44.4 44.4 44.3 44.3 44.2 44.2 44.1 44.0 44.0 43.9 
0.40 56.9 56.9 57.0 57.0 57.1 57.1 57.2 57.2 57.3 57.4 57.4 57.4 42.9 42.8 42.8 42.7 42.6 42.6 42.5 42.5 42.4 42.3 42.3 
0.47 55.5 55.6 55.6 55.7 55.7 55.8 55.8 55.9 56.0 56.0 56.1 56.1 41.2 41.2 41.1 41.0 40.9 40.9 40.8 40.8 40.7 40.6 40.5 
0.53 54.1 54.2 54.2 54.3 54.4 54.4 54.5 54.6 54.6 54.7 54.7 54.8 39.5 39.4 39.3 39.2 39.2 39.1 39.1 39.0 38.9 38.8 38.8 
0.60 52.7 52.8 52.9 52.9 53.0 53.1 53.1 53.2 53.3 53.3 53.4 53.4 37.6 37.5 37.5 37.4 37.3 37.3 37.2 37.1 37.0 37.0 36.9 
0.67 51.3 51.4 51.5 51.6 51.7 51.7 51.9 52.0 52.0 52.1 52.2 52.2 35.5 35.4 35.3 35.2 35.1 35.1 35.0 34.9 34.9 34.8 34.7 
0.73 50.1 50.2 50.3 50.4 50.5 50.5 50.7 50.8 50.9 51.0 51.1 51.1 32.8 32.8 32.7 32.6 32.5 32.5 32.4 32.3 32.2 32.2 32.1 
0.80 49.0 49.1 49.3 49.4 49.5 49.5 49.7 49.8 49.9 49.9 50.1 50.1 29.7 29.6 29.5 29.4 29.4 29.3 29.2 29.2 29.1 29.0 29.0 
0.87 48.0 48.2 48.3 48.4 48.5 48.6 48.8 48.9 49.0 49.1 49.2 49.2 25.8 25.7 25.6 25.6 25.5 25.5 25.4 25.4 25.3 25.2 25.2 
0.93 47.2 47.3 47.5 47.6 47.7 47.8 48.0 48.1 48.2 48.3 48.4 48.4 20.9 20.9 20.9 20.8 20.8 20.8 20.7 20.7 20.7 20.6 20.6 
1.00 46.3 46.4 46.6 46.8 46.9 47.0 47.2 47.3 47.4 47.6 47.6 47.7 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 
 GAS OUTLET  AIR INLET 
Figure F.5.- Flue gas and air temperature profiles (ºC) for convection-condensation heat transfer with 100% condensed water drainage.     
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x/L GAS INLET AIR OUTLET 
0.07 57.3 57.4 57.5 57.5 57.6 57.7 57.8 57.9 57.9 58.0 58.1 58.1 58.1 58.0 58.0 57.9 57.9 57.8 57.8 57.7 57.7 57.6 
0.13 56.0 56.0 56.1 56.2 56.3 56.4 56.5 56.5 56.6 56.7 56.8 56.8 56.7 56.7 56.6 56.6 56.5 56.5 56.4 56.4 56.3 56.3 
0.20 54.7 54.7 54.8 54.9 55.0 55.1 55.2 55.2 55.3 55.4 55.5 55.5 55.4 55.4 55.3 55.3 55.2 55.2 55.1 55.1 55.0 55.0 
0.27 53.5 53.5 53.6 53.7 53.8 53.9 53.9 54.0 54.1 54.2 54.3 54.3 54.2 54.2 54.1 54.1 54.0 54.0 53.9 53.9 53.8 53.8 
0.33 51.8 51.8 51.9 52.0 52.1 52.2 52.3 52.4 52.4 52.5 52.6 52.6 52.6 52.5 52.5 52.4 52.4 52.3 52.3 52.2 52.2 52.1 
0.40 50.5 50.5 50.6 50.7 50.8 50.9 51.0 51.1 51.1 51.2 51.3 51.3 51.3 51.2 51.2 51.1 51.0 51.0 50.9 50.9 50.8 50.8 
0.47 49.2 49.2 49.3 49.4 49.5 49.6 49.7 49.8 49.8 49.9 50.0 50.0 50.0 49.9 49.8 49.8 49.7 49.7 49.6 49.6 49.5 49.5 
0.53 47.8 47.8 47.9 48.0 48.1 48.2 48.3 48.4 48.4 48.5 48.6 48.6 48.6 48.5 48.4 48.4 48.3 48.3 48.2 48.2 48.1 48.0 
0.60 46.4 46.4 46.5 46.6 46.7 46.8 46.9 47.0 47.0 47.1 47.2 47.2 47.2 47.1 47.0 47.0 46.9 46.9 46.8 46.7 46.7 46.6 
0.67 45.7 45.8 45.9 46.0 46.1 46.2 46.3 46.4 46.5 46.5 46.6 46.6 46.6 46.5 46.4 46.3 46.3 46.2 46.1 46.1 46.0 45.9 
0.73 45.2 45.3 45.5 45.6 45.8 45.9 46.0 46.1 46.2 46.2 46.3 46.3 46.2 46.1 46.1 46.0 45.9 45.8 45.7 45.6 45.5 45.5 
0.80 44.4 44.6 44.8 45.0 45.2 45.3 45.5 45.6 45.7 45.9 46.0 46.0 45.9 45.7 45.6 45.5 45.4 45.3 45.2 45.1 45.0 44.9 
0.87 43.9 44.1 44.3 44.5 44.7 44.9 45.1 45.2 45.4 45.5 45.6 45.6 45.5 45.4 45.2 45.1 45.0 44.9 44.7 44.6 44.5 44.4 
0.93 43.4 43.6 43.8 44.0 44.2 44.4 44.6 44.8 45.0 45.1 45.3 45.3 45.1 44.9 44.8 44.6 44.5 44.3 44.2 44.0 43.9 43.7 
1.00 42.4 42.6 42.9 43.2 43.5 43.7 43.9 44.1 44.3 44.5 44.7 44.7 44.5 44.3 44.1 43.9 43.8 43.6 43.4 43.2 43.0 42.8 
 GAS OUTLET  AIR INLET 
Figure F.6.- Metal elements temperature profiles (ºC) for convection-condensation heat transfer with 100% condensed water drainage. 
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x/L GAS INLET AIR OUTLET 
0.07 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.40 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.47 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.53 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.60 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.67 0.7 0.7 0.5 0.3 0.2 0.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.73 1.2 1.2 1.0 0.8 0.7 0.5 0.4 0.3 0.1 0.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0.80 2.0 1.9 1.7 1.5 1.3 1.2 1.0 0.8 0.7 0.6 0.5 0.4 0 0 0 0 0 0 0 0 0 0 0 0 
0.87 2.2 2.1 1.9 1.8 1.6 1.5 1.3 1.2 1.1 0.9 0.9 0.8 0 0 0 0 0 0 0 0 0 0 0 0 
0.93 2.3 2.3 2.1 2.0 1.9 1.8 1.6 1.5 1.4 1.2 1.2 1.1 0 0 0 0 0 0 0 0 0 0 0 0 
1.00 3.0 2.9 2.8 2.6 2.5 2.3 2.2 2.0 1.9 1.7 1.7 1.6 0 0 0 0 0 0 0 0 0 0 0 0 
 GAS OUTLET AIR INLET 
Figure F.7.- Condensed/Evaporated (-ve) water flow rate (mol/s) for convection-condensation heat transfer with 100% condensed water drainage. 
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x/L GAS INLET AIR OUTLET 
0.00 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.07 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.13 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.20 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.27 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.33 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.40 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.47 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.53 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.60 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.67 1.7 1.6 1.4 1.4 1.2 1.1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.73 2.3 2.2 2.0 2.0 1.8 1.7 1.5 1.4 1.2 1.1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.80 3.2 3.1 3.0 2.9 2.7 2.5 2.3 2.1 2.0 1.8 1.6 1.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.87 3.7 3.7 3.5 3.4 3.3 3.1 2.9 2.8 2.6 2.4 2.2 2.1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.93 4.2 4.1 4.0 4.0 3.9 3.7 3.5 3.4 3.2 3.1 2.9 2.8 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
1.00 5.0 5.0 4.9 4.8 4.7 4.6 4.4 4.3 4.2 4.0 3.8 3.7 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
 GAS OUTLET AIR INLET 
Figure F.8.- Augmentation factors for convection-condensation heat transfer with 100% condensed water drainage. 
 
